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Changes in Oxo Acid Concentrations during the 
Growth of Groundnut Seedlings 


By J. A. WEBB anp L. FOWDEN 
Department of Botany, University College, Gower Street, London, W.C. 1 


(Received 16 February 1955) 


In recent years we have been investigating the 
occurrence, distribution and metabolism of un- 
saturated amino acids in groundnut plants 
(Arachis hypogaea). Three related amino acids 
have been identified, namely (i) y-methylene- 
glutamic acid (y-MGA), (ii) its amide, y-methylene- 
glutamine (y-MG), and (iii) its decarboxylation 
product, y-amino-a-methylenebutyric acid (Done & 
Fowden, 1952; Fowden & Done, 1953). These sub- 
stances are not ubiquitous in plant species, and 
have so far only been reported in tulips (Zacharius, 
Pollard & Steward, 1954), hops (Tatchell & Harris, 
1953), and in a Lilium sp. (personal communica- 
tion from Dr G. H. N. Towers, Montreal). A 
possible pathway for the biological synthesis of 
y-MGA could involve its oxo acid analogue, y- 
methylene-«-oxoglutaric acid (y-MOG), as an 
intermediate stage (Fowden, 1954). Some support 
for this idea has resulted from the isolation of this 
oxo acid (as the 2:4-dinitrophenylhydrazine de- 
rivative) from tulips (Towers & Steward, 1954), and 
groundnuts (Fowden & Webb, 1955). 

Investigations reporting the oxo acid concentra- 
tion levels in higher plants have been few in 
number, and although Virtanen, Miettinen & 
Kunttu (1953), and Towers, Thompson & Steward 
(1954) have determined the concentrations of the 
main acids of some plant tissues, we believe that 
this is the first publication which relates the oxo 
acid levels in different plant organs to the stage 
of development of the plants. The quantitative 
distribution of y-MOG and other oxo acids found in 
groundnut plants at different stages of their early 
seedling growth is reported. Since a similar study 
of the distribution of y-MGA and y-MG has already 
been made (Fowden, 1954), a comparison of the 
importance of the related types of y-methylene 
compounds during seedling development can now 
be made. 


EXPERIMENTAL 


Material. The groundnut seeds were grown in moistened 
wood chippings in a greenhouse kept at about 30° during 
the latter part of summer. They were watered with Knoop’s 
nutrient solution about every fourth day. Under these 
conditions growth was rapid and the plants were harvested 
for analysis at 1, 2, 4, 6, 10 and 17 days after planting. 
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After 24 hr. growth the radicles were about 0-5 cm. in 
length and after 2 days had increased to 3-5 cm. At 4 days 
the cotyledons were above the growing medium and 
development was sufficient to divide the plants into three 
parts, namely immature leaves, cotyledons and roots. The 
first two leaves (for all practical purposes an opposite pair) 
were strongly developed at 6 days, and the third leaf was 
beginning to unfold but still had a completely undeveloped 
petiole. Further regular growth produced at 10 days 
3 leaves and at 17 days 5 leaves which had attained 
maximum development, morphologically, whilst at each 
stage a further leaf was unfolding. The roots became in- 
creasingly branched and fibrous and the cotyledons gradu- 
ally became smaller and were tending to become slightly 
withered in appearance at 17 days. All the plants were 
harvested for analysis in the late morning. 

Determination of oxo acids. The oxo acids present in the 
plant materials were determined after their separation as 
2:4-dinitrophenylhydrazine (DNPH) derivatives by paper 
chromatography. The procedure used for the conversion of 
the oxo acids into their DNPH derivatives was based on 
that published earlier (Fowden & Webb, 1955). The DNPH 
derivatives so formed were extracted into ethyl acetate by 
four successive extractions, using a ratio of 1 vol. ethyl 
acetate to 6 vol. of supernatant. This was followed by four 
successive extractions of the DNPH derivatives into 10% 
(w/v) Na,CO, solution using a ratio of 1 vol. Na,CO, to 
10 vol. of the ethyl acetate extract. The combined Na,CO, 
extracts were acidified at 0° by the addition of conc. HCl, 
and the DNPH derivatives once more extracted into ethyl 
acetate by four successive extractions using a ratio of 
l vol. ethyl acetate to 6 vol. of the acidified soln. The 
ethyl acetate extracts were combined and evaporated to 
dryness. The residues of DNPH derivatives so obtained, 
which were contaminated with darker impurities, were 
treated with small volumes of 4N-NH, soln., when the 
derivatives went into solution, leaving most of the impurities 
undissolved. After centrifuging, the supernatants were 
taken to dryness in vacuo and redissolved in 0-5N-NH; soln. 
Small measured volumes of these solutions were applied to 
the paper chromatograms of Whatman no. 3 filter paper. 

The chromatograms were developed in 2-butanol 
saturated with 6% (w/v) NH, soln. (Fincham, 1953) until 
adequate separation of the individual oxo acid derivatives 
was achieved. This period was usually about 24 hr. at 
laboratory temperature. Areas of paper containing indi- 
vidual oxo acid spots were cut out, and the derivatives 
eluted from the paper by soaking for lhr. in 4 ml. 
10% (w/v) Na,CO, soln. To 3 ml. of this Na,CO, extract, 
0-5 ml. of 3N-NaOH soln. was added, and the extinction 
coefficients of the final solutions were rapidly measured at 
A=540 mu. using a Unicam SP. 500 spectrophotometer. 
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Weighed amounts of pure oxo acids were converted into 
DNPH derivatives and subjected in an identical manner to 
chromatographic analysis and colorimetric determination. 
In this way standard calibration lines were obtained for 
each oxo acid over the range 20-100 yg. of acid, from which 
the amounts of oxo acids in the plant materials could be 
interpolated. No pure y-MOG is as yet available, so the 
determinations for this acid were based on the standard 
calibration line for «-oxoglutaric acid, assuming that an 
equal colour production results from equimolar amounts of 
the two acids. 

When the above procedure is used for pyruvic and 
glyoxylic acids, each acid produces two DNPH derivative 
spots on the chromatogram. Glyoxylic acid gives spots at 
R, values of 0-37 and 0-61, and pyruvic acid at Rp values of 
0-49 and 0-70. In our experience, the spot of lower R,» for 
each acid was always the stronger of the two (compare 
Markees & Gey, 1953), and the ratio of the extinction 
coefficients measured for extracts of the two spots resulting 
from a single acid was virtually constant, irrespective of 
the total acid concentration, provided the procedure was 
standardized as above. Only the amounts of DNPH 
derivative present in the lower Ry spots for glyoxylic and 
pyruvic acids have then been measured in both the standard 
and experimental determinations. 

To confirm the identity of the oxo acids detected in the 
plant tissues, the separated DNPH derivatives were con- 
verted into their amino acid analogues by catalytic hydro- 
genation by the procedure reported previously (Fowden & 
Webb, 1955), following the original method of Towers e¢ al. 
(1954). The amino acids resulting were characterized by 
two-dimensional chromatography. 


RESULTS 


When ungerminated seeds were treated as de- 
scribed above DNPH spots corresponding to «- 
oxoglutaric («-OG) and pyruvic acids were detected. 
A trace of the DNPH derivative of glyoxylic acid 
appeared to be also present. The identities of the 
three acids were confirmed by reduction of the 
derivatives to glutamic acid, alanine and glycine 
respectively. Quantitative assay indicated an 
«-OG concentration of 11 yg./g. fresh weight (f.w.), 
and a pyruvic acid level of 4 ug./g.f.w. 

After 24 hr. growth, y-MOG was also present in 
the seedlings. The DNPH derivative of this acid 
formed a spot moving just in advance of that of 
«-OG under the chromatographic conditions 
described. y-Methylglutamic acid resulted after 
catalytic hydrogenation of the derivative. No 
attempt was made to dissect the seedlings at this 
stage, or after 2 days’ growth, the internal oxo 
acid concentrations determined being recorded in 
Fig. 1c, where, for the convenience of graphical 
representation, the seedlings are considered to 
consist entirely of cotyledon material. 

The oxo acid contents of the plants grown for 
4 or more days are reported graphically in Fig. la-—c, 
where separate values are recorded for leaves, roots 
and cotyledons respectively. The 17-day-old 
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plants, which had six leaves on the main stem, 
were further subdivided before analysis, the leaves 
of different ages being separately analysed. When 
the leaves on the main stem are serially numbered 
(nos. 1 to 6) from the base to stem apex, a lower 
leaf number represents an older leaf. The first two 
leaves (serial nos. 1 and 2), which developed 
together, were considered to be of the same age, 
and were analysed together. The results of leaf 
analyses are given in Fig. 2. 

The most striking feature observed was the very 
marked rise in the concentrations of «-OG occurring 
in leaves as their age increased (see Figs. la, 2). 
Although «-OG tended to be present in slightly 
higher concentrations than the other oxo acids in 
all tissues examined, its increased concentrations 
(560 ng./g.f.w.) in older leaves, where it repre- 
sented over 90 % of the total oxo acids present, was 
unparalleled by similar changes in other tissues, 
where «-OG concentration of about 20 yug./g.f.w. 
was maximal. In general, all the oxo acids were 
present in leaves in somewhat higher amounts than 
in the cotyledons, whilst roots contained even 
smaller amounts of the acids. 

Extracts of cotyledons gave rise to additional 
DNPH derivatives. On chromatograms showing 
the highest degree of resolution, three spots were 
present flowing at R, values lower than that of 
the «-oxoglutaric acid derivative (R,;=0-10). The 
natures of the oxo acids giving rise to the new 
spots are unknown, but although they appeared in 
the early germination stage, they could not be 
detected in the ungerminated seeds. One of the 
spots representing the unknown DNPH derivatives 
was usually more intense than the remaining two, 
and it was of similar intensity to those of the 
known oxo acids in the early stages of growth. 
After catalytic hydrogenation, this DNPH de- 
rivative yielded a substance that moved on paper 
chromatograms to a position between those 
occupied by aspartic and glutamic acids in water- 
saturated phenol (R,=0-23), and which reacted 
with ninhydrin to give a brown spot. These 
additional DNPH derivatives were not detected in 
leaf or root extracts. 


DISCUSSION 


The fact that y-MOG acid forms a measurable 
proportion of the total oxo acids present in seed- 
lings grown for 1 day, whereas y-MGA and y-MG 
have not been identified amongst the amino acids 
present at this stage (unpublished results), may 
indicate that the formation of the amino com- 
pounds follows that of their oxo acid analogue; the 
oxo acid may result indirectly by respiratory 
breakdown of carbohydrate or fat, and may be 
converted into y-MGA either by transamination or 
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direct reductive amination. Since the three un- 
identified oxo acids were also produced during the 
first day’s growth, it may be that one or more of 
these acids are themselves precursors of y-MOG 
production. y-MOG never accumulated in any 
tissue in amounts which were in excess of those of 
other oxo acids. This is in marked contrast to the 
distributions observed for the amino acid analogues, 
y-MGA and y-MG, each of which constituted a 
large proportion of the total free «-amino nitrogen 
of certain tissues. 

Virtanen e¢ al. (1953) have shown that the oxo 
acid content of pea plants was very dependent upon 
the degree of illumination of the plants just before 
harvesting and analysis. Although our plants were 
harvested at the same houreach day, and had there- 
fore all been subjected to a similar period of 
illumination, the intensities of illumination re- 
ceived by sets of plants obviously varied with the 
brightness of the particular day of their harvest. 
Some of the smaller variations which we have 
observed in the contents of the particular oxo acids 
may be attributed to this cause. The reason for the 
much larger increase in the «-OG concentration 
during leaf ageing lies presumably elsewhere. One 
explanation depends upon the fact that as leaves 
develop, they pass from a state of rapid net protein 
synthesis during the period of their active growth, 
to one where the rate of protein synthesis is much 
reduced, and only counterbalances protein break- 
down in the mature leaf. Since a major pathway 
for the entry of nitrogen into organic compounds is 
through «-OG, levels of this oxo acid would tend to 
remain low during active synthesis in growing 
leaves, and to increase when the need for «- 
oxoglutarate residues diminishes with the reduced 
rate of protein synthesis in mature leaves. 

With the exception of the high values found for 
the «-OG content of older leaves, the levels of oxo 
acids found in groundnut plants (i.e. amounts up to 
35 ug./g.f.w. of single oxo acids) are of the same 
order as those reported previously for other 
species. Virtanen et al. (1953) reported values of 
40 yg. for «-oxoglutaric, 20ug. for pyruvic, and 
20 yg. for oxaloacetic acids per g.f.w. in pea plants, 
whilst Towers et al. (1954) also reported yg. 
amounts in a number of other species examined. 
The latter workers have noted that the «-OG 
concentration observed for mint leaves may, under 
certain conditions, be much increased, and 
approach 1 mg./g.f.w. 

It is noteworthy that oxaloacetic acid has not 
been identified as a constituent of groundnut plants, 
either as its DNPH derivative or by reduction to 
give aspartic acid. Virtanen et al. (1953) have 
shown that decarboxylation of oxaloacetic acid 
occurred rapidly when extracts of pea plants 
were prepared using dilute sulphuric acid, which 
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completely converted oxaloacetic acid into pyruvic 
acid. In contrast, extraction of the plants with 
2Nn-NaOH immediately inactivated the decarboxyl- 
ase and stabilized the oxo acid levels, so that oxalo- 
acetic acid could be reliably estimated. Although 
our plant extraction procedure involved slightly 
acid pH values this could not explain the apparent 
absence of oxaloacetic acid, since extractions using 
2Nn-NaOH also failed to reveal the acid. 


SUMMARY 


1. The oxo acids present in groundnut plants 
include «-oxoglutaric, pyruvic, glyoxylic and 
y-methylene-x-oxoglutaric acids, together with 
other unidentified oxo acids. All the acids were 
characterized chromatographically as their 2:4- 
dinitrophenylhydrazine derivatives, and by cata- 
lytic hydrogenation of the latter to the corre- 
sponding amino acids. Oxaloacetic acid has not 
been detected. 

2. The amounts of these acids present in leaves, 
cotyledons and roots were determined at various 
stages of seedling growth. Concentrations of 
individual oxo acids were normally in the range of 
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0-40 pg./g. fresh weight of plant tissue, but «- 
oxoglutaric acid concentration showed a marked 
increase during the process of leaf ageing. 


One of us (J.A.W.) wishes to thank the Agricultural 
Research Council for a personal maintenance grant. We 
also wish to acknowledge grants from the Royal Society and 
Rockefeller Foundation for the purchase of apparatus used 
in this investigation. 
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Kinetic Studies of the Metabolism of Foreign Organic Compounds 
7. TOLUIC ACIDS AND N-TOLYLUREAS* 
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Physiology Department, Medical School, University of Birmingham 


(Received 21 February 1955) 


Previous papers in this series (Bray, Humphris, 
Thorpe, White & Wood, 19526, c,d; 1955; Bray, 
Thorpe & White, 1952e) have dealt mainly with 
the kinetics of reactions which para-substituted 
aromatic compounds undergo in the rabbit. It is 
known that in the dog and in the rabbit the con- 
jugation reactions of ortho-, meta- and para-isomers 
are often qualitatively similar (e.g. see Quick, 
1932a,b; Thorpe, 1950), although quantitatively 
there are gradaticns in the percentage of a dose 
conjugated corresponding to the position of the 
substituent. For example, the toluic acids are 
excreted by the rabbit mainly as conjugates of 
glucuronic acid and glycine; the amount of the 
former increases progressively from the para- to 
the ortho-isomer and that of the latter from ortho 
to para (Bray, Thorpe & Wood, 19496; for the dog, 
see Quick, 1932a). With the tolylureas (Bray, Lake 


* Part 6: Biochem. J. 1955, 59, 162. 


& Thorpe, 1949a) conjugation may occur through 
a carboxyl group formed by oxidation of the methyl 
group or through a new hydroxy] group introduced 
by nuclear hydroxylation; the extent to which 
oxidation of the methyl group occurs increases 
from the ortho- to the para-isomer, whereas the 
extent of hydroxylation does the reverse. It 
was, therefore, of interest to see whether these 
gradations were a reflexion of the magnitude 
of the velocity constants of the reactions in- 
volved. 

Previous determinations of velocity constants 
have been made using compounds which are 
readily absorbed by the rabbit, so that after about 
2 hr. after dosage the rate of absorption could be 
neglected. Several hours, however, are required for 
the absorption of the tolylureas, so that these 
compounds have provided an opportunity for 
studying the effect of slow absorption upon the 
kinetics of conjugation reactions. 
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MATERIALS AND METHODS 


Materials. The N-tolylureas and toluic acids were 
purchased. N-(4-Hydroxy-2-methylphenyl)urea and N- 
(4-hydroxy-3-methylphenyl)urea were prepared as de- 
scribed by Bray et al. (1949a) and p-ureidobenzoic acid 
was prepared by the method of Menschutkin (1870). 

Diet and dosing. Doe rabbits, weighing 2-3 kg., were 
maintained on a constant diet of rabbit pellets and water 
(Bray, Ryman & Thorpe, 1947). The acids were usually 
administered by stomach tube as solutions of their sodium 
salts and the other compounds as suspensions in water. For 
intraperitoneal injection solutions of the sodium salts of 
the acids were adjusted to pH 6-8 and isotonicity with 
blood. The rats (males, 100-200 g.) used for both excretion 
and absorption experiments were maintained on a stock 
diet of rat cubes and water. Administration of accurate 
doses of the tolylureas by stomach tube was achieved by 
using a fine suspension prepared by dissolving the tolylurea 
(1 g.) in hot glycerol (5 ml.) and pouring the solution with 
vigorous stirring into a 0-1 % solution of bile salts (28 ml.). 
The suspension formed was stable and easily pipetted, and 
its preparation did not cause significant decomposition of 
the tolylureas. 

Plan of experiments. The apparatus and experimental 
procedure used in the kinetic studies with rabbits were as 
described by Bray, Thorpe & White (1951). For excretion 
studies with rats, cylindrical metal cages were placed over 
wire grids above glass funnels containing a wire spiral to 
prevent mixing of the urine and faeces. To increase the 
urine volume during these experiments the rats were given 
water (2 ml.) every 2 hr. 

Absorption experiments. Owing to the large number of 
animals required, the absorption experiments were carried 
out with rats, kept separately and starved for 16 hr. before 
dosing. At appropriate times they were killed by a blow on 
the head. To prevent mixing of contents, the oesophagus 
was ligated near the cardiac orifice, the duodenum near 
the pylorus, and the small intestine near the ileo-caecal 
junction. The contents of the stomach or the small intestine 
were washed out with water. (A final washing with 20 ml. 
hot 96 % (v/v) ethanol did not increase the yields of ureido 
compounds.) The combined washings were gently heated on 
awater bath to dissolve ureido compounds and then diluted 
to 1]. with water. A sample (2 ml.) of the resulting suspen- 
sion was taken for determination of ureido compounds. 
Control experiments, in which rats were killed immediately 
after dosage, gave total recoveries of tolylureas from stomach 
and intestinal contents ranging from 89 to 93%. 

Determination of conjugates. Ether-soluble acids and 
ester glucosiduronic acids were determined as described by 
Bray, Neale & Thorpe (1946), total glucuronic acid and 
ethereal sulphate as described by Bray et al. (19526) and 
glycine conjugates by the method of Bray, Clowes, Thorpe, 
White & Wood (1952a). 


Determination of ureido compounds 


Orekhovich & Tustanovsky (1949) reported that a purple 
colour was produced when a mixture of tryptophan and 
citrulline (1:3) was heated with diacetyl monoxime in the 
presence of concentrated acids. The intensity of the colour 
varied with the tryptophan: citrulline ratio. It has been 
found that tolylureas can replace citrulline in this reaction 
and that the intensity of the pink colour formed is pro- 
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portional to the tolylurea concentration if the tryptophan: 
tolylurea ratio is not less than 3:1. The interference with 
the reaction by urea can be effectively eliminated by treat- 
ment of the urine with urease. 

The following reagents were required: DL-tryptophan 
(10 mg.) dissolved in water (10 ml.) with the addition of a 
few dropsof phosphoric acid; phosphoric acid (A.R.),sp.gr. 
1-75; diacetyl monoxime, 5% (w/v) solution in 96% (v/v) 
ethanol; sodium nitrite, 0-18% (w/v) solution in water; 
phosphoric-nitrous acid mixture, sodium nitrite solution 
(5 ml.) and phosphoric acid (95 ml.) mixed immediately 
before use. Urease solution was prepared by suspending 
ground urease tablets (British Drug Houses Ltd.) in 
0-1m sodium phosphate buffer pH 7-0 (45 tablets/100 ml.) ; 
after 10 min. the suspension was centrifuged and the 
supernatant retained for use. Standard solutions of ureido 
compounds were prepared by dissolving tolylurea (100 mg.), 
or equivalent amount of other ureido compounds, in 96% 
ethanol (10 ml.) and diluting 1 ml. of this solution to 
200 ml. with diluted (1:10) rabbit urine or with water as 
appropriate. This gave a fine suspension and was prepared 
immediately before use. 

Procedure. The solution under examination is diluted to 
contain 0-50 yg./ml. ureido compound, and a 2 ml. sample 
of the diluted solution is used. If the solution contains 
urine, urease solution (2 ml.) is added and the tube incu- 
bated for 4-5 hr. at 38°. Phosphoric acid (3 ml.) is then 
added, followed by tryptophan solution (0-3 ml.) and di- 
acetyl monoxime solution (0-5 ml.). After being shaken 
vigorously, the tube is heated in a boiling-water bath for 
10 min. using a ‘cold finger’ condenser to reduce evapora- 
tion. To the cooled solution phosphoric-nitrous acid 
mixture (4 ml.) is added and immediately mixed. After 
1 min. sodium nitrite solution (0-25 ml.) is added and the 
mixture again shaken. The colour is measured in a Spekker 
photoelectric absorptiometer using an Ilford yellow-green 
filter 605 (max. transmission at 550 my.). A calibration 
curve is constructed from 2 ml. samples of diluted solutions 
of the ureido compound containing 0-50yg./ml. A drum 
reading of 0-1 corresponds to approximately 19 ug. ureido 
compound for all the compounds studied. Results of a 
typical recovery experiment using o-tolylurea are shown in 
Table 1. Similar recoveries were obtained with m- and p- 
tolylurea, N-(4-hydroxy-2-methylphenyl)urea, N-(4-hydr- 
oxy-3-methylphenyl)urea and p-ureidobenzoic acid. 


Table 1. Determination of o-tolylurea 
added to rabbit urine 


For procedure see text. The o-tolylurea in ethanol was 
added to urine diluted with water (1:10). 


Amount 
added to Amount 
diluted urine found Percentage 
(ug./ml.) (ug-/ml.) recovered 
15 15 100 
20 21 105 
25 24 96 
30 29 97 
35 35 100 
40 39 98 
45 43 96 
50 48 96 


Mean and s.p. 98-5+3 
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RESULTS 


N-(4-Hydroxy-2-methylphenyl)urea and 
N-(4-hydroxy-3-methylphenyl)urea 
The kinetics of conjugation of these phenols with 
sulphuric and glucuronic acids in the rabbit were 
essentially similar to those of other phenols (Bray 
et al. 1952c, d), except that a considerable part of 
the dose (about 40%) was excreted unchanged. 
At dose levels of 0-5 g./kg. the excretion curves 
for glucosiduronic acids of both compounds were 
exponential. In one experiment with N-(4- 
hydroxy-2-methylphenyl)urea, ethereal sulphate 
was excreted at a constant rate and in another 
exponentially. This suggests that the dose level 
used was near the ‘critical’ dose level (Bray e¢ al. 


Table 2. 


1955 


1952e) for this compound. In two experiments with 
N-(4-hydroxy-3-methylphenyl)urea, the excretion 
curves for ethereal sulphate were exponential. The 
first-order velocity constants for glucosiduronic 
acid and ethereal sulphate formation (k, and k,, 
respectively) calculated from the results of these 
experiments are given in Table 2. Fig. 1 shows the 
fit of experimentally determined points with the 
theoretical curves corresponding to the velocity 
constants deduced for the two conjugation pro- 
cesses in one of these experiments. The nearly 
constant g/s quotient (g and s represent the 
amounts of the phenol excreted as glucosiduronic 
acid and ethereal sulphate in a given time) is in 
accord with a system of two simultaneous conjuga- 
tion reactions following kinetics of the first order. 


Mean velocity constants for formation of glucosiduronic acid (kg), conjugation with glycine (ky), 


nuclear hydroxylation (ky, ox), oxidation of methyl group (ky coon) and conjugation with sulphuric acid 


(k,) for various compounds in the rabbit 


Values for & (geometric means) are derived from the arithmetic means of log,) 100k values. Dose levels were 0-2, 0-3 and 


0-35 g./kg. for the ureidophenols, tolylureas and toluic acids respectively. Glycine 1-4 g./kg. was administered with the 
toluic acids. P is the probability that the value of log, 100k for the compounds is the same as that for the reference 


compound which heads each section of the table. 





logy) 100k 
No. of 3 ——a k, 
Compound expts. Mean S.D. r (hr.-1) 
Formation of ether glucosiduronic acid k 
g 
Phenol* 6 1-748 0-1067 — 0-56 
N-(4-Hydroxy-2-methylphenyl)urea 2 1-111 0-0945 <0-05 0-13 
N-(4-Hydroxy-3-methylphenyl)urea 2 1-437 0-0549 <0-05 0-27 
Conjugation with sulphuric acid ‘ 
8 
Phenolf 7 1-543 0-1594 — 0°35 
NV -(4-Hydroxy-2-methylphenyl)urea 1 0-477 — <0-1 0-03 
N-(4-Hydroxy-3-methylphenyl)urea 2 0-801 0-2819 <0-1 0-06 
Formation of ester glucosiduronic acid ‘ 
g 
Benzoic acidt 4 0-899 0-1450 — 0-08 
o-Toluic acid 3 1-796 0-1340 <0-001 0-63 
m-Toluic acid 3 1-258 0-1639 <0-1 0-18 
p-Toluic acid 3 0-168 0-1022 <0-05 0-02 
Conjugation with glycine ky 
Benzoic acidt -- -- -- -— 2-6 
o-Toluic acid 3 1-175 0-1083 - 0-15 
m-Toluic acid 3 1-993 0-0762 0-96 
p-Toluic acid 3 1-492 0-0140 0-31 
Nuclear hydroxylation k 
b, OH 
N-Phenylurea§$ 3 1-307 0-0877 0-20 
o-Tolylurea 4 1-021 0-3457 ° 0-11 
m-Tolylurea 2 1-469 0-0352 >0-1 0-30 
Oxidation of methyl group hese 
Toluene} + 1-039 0-1179 —- 0-11 
m-Tolylurea 2 1-415 0-0748 <0-1 0-26 
3 1-597 0-1052 0-1 0-40 


p-Tolylurea 


+Bray et al. (1952d). {Bray et al. (1951). § “Bray et al. (19525). 


* Bray et al. (1952c). 











1c 


id 
ne 
ce 





Vol. 61 


Tolylureas 


The excretion curves of metabolites of 0-, m- and 
p-tolylureas may conveniently be considered as 
having three parts. Fig. 2 illustrates a typical 
experiment with the para-isomer. During an 
initial phase, lasting for some 2 hr. after dosage, the 
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oa 
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Excretion of conjugates, expressed 
as mg. compound fed 


3 4 5 6 7 
Time after dosage (hr.) 


oO 
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Fig. 1. Excretion of glucosiduronic acid and ethereal 
sulphate by the rabbit after the administration of N- 
(4-hydroxy-3-methylphenyl)urea (0-5 g.). The curves are 
theoretical ones for #,=0-3 hr.-1 and k,=0-1 hr.-! and 
the points (@, glucuronide; ™, ethereal sulphate) are 
those obtained by experiment. The lower curve, O—O, 
shows the quotient of the amounts of phenol excreted as 
glucosiduronic acid, g, and ethereal sulphate, s. 


8 0 02 4 6 8 
Time (hr.) 


Nn 
> 
o 


Percentage of dose excreted 
° 5 &.. € § 8 


Fig. 2. Excretion of metabolites by the rabbit after 


administration of p-tolylurea (0-5 g.). The exponential 
curve is the theoretical one for k =0-37 hr.'. The points 
are those obtained by experiment. 
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slope increased with time to reach a maximum. 
This was maintained until about 7 hr. after dosage 
and constitutes a second, rectilinear phase. This 
was succeeded by an exponential phase, the rate of 
excretion decreasing proportionally with body level. 
Thus two velocity constants may be derived from 
these curves, a zero-order constant from the 
rectilinear portion and a first-order constant from 
the exponential part. Since the primary interest of 
this study was the metabolism of these compounds 
rather than their absorption, and the first-order 
velocity constants are an acceptable index of these 
processes (p. 9), these constants were derived from 
the last part of the curve and are recorded in 
Table 2. The nature of the velocity constants which 
can be derived from the excretion curves of the 
three tolylureas differ. o-Tolylurea is only hydroxyl- 
ated since oxidation of the methyl group to 
carboxy] is negligible, so that the only constant to 
be evaluated is k, o,, the first-order velocity 
constant for nuclear hydroxylation. With m- 
tolylurea both hydroxylation and oxidation of the 
methyl group occur, so that values can be obtained 
for ky on and for ky coog, the first-order velocity 
constant for the oxidation of the methyl group to 
carboxyl. p-Tolylurea is not appreciably hydroxy- 
lated and only k, coo can be evaluated. 

The derivation of values for k, cooq presents no 
difficulties, since the ureido acids formed from m- 
and p-tolylureas are rapidly excreted largely un- 
conjugated. The values of k, 94 are, however, of 
the same order of magnitude as those of k,+k,, 
so that values for k, 5, deduced directly from 
excretion curves are not precise. In a previous 
investigation (Bray et al. 19526), where the relative 
values of the velocity constants for hydroxylation 
and conjugation for certain compounds were 
similar to those found in the present study, it was 
shown that application of the complete differential 
equations for the consecutive metabolic processes 
gave values for velocity constants which were not 
greatly different from those calculated directly 
from the rate of excretion. The values for ky og 
recorded in Table 2 were obtained directly from 
excretion curves. 


Toluic acids 


Glycine was administered about 1 hr. before the 
dose of these compounds to ensure a sufficiency of 
this conjugating moiety (cf. Bray et al. 1951). The 
excretion curves for the ortho-, meta- and para- 
isomers were exponential, and the appropriate 
values for k, and k,, the first-order velocity con- 
stant for conjugation with glycine, are recorded in 
Table 2. The values for p-toluic acid are of the same 
order as those previously found (0-06 and 0-4 hr.-', 
Bray et al. 1955). 








Absorption of ureido compounds 


The results of absorption experiments on rats 
are summarized in Fig. 3. The dose levels used in 
these experiments were comparable with those 
used in experiments with rabbits. It can be seen 
that absorption of the ureidophenols and p- 
ureidobenzoic acid is almost complete in 3 hr. while 
the absorption of the tolylureas is relatively slow. 











Percentage of dose absorbed 














4 6 10 


Time (hr.) 


Fig. 3. The absorption of ureido compounds by the rat. 
Points represent the average results from 3 to 6 rats. 
Doses were: tolylureas, o-, 50mg.; m-, 44mg.; p-, 
37 mg.; N-(4-hydroxy-2-methylphenyl)urea, 30 mg.; 


N-(4-hydroxy-3-methylphenyl)urea, 35 mg.; p-ureido- 
benzoic acid, 39 mg. The compounds are represented by 
11, O, A, m, @, A, respectively. 


The amounts of ureido compounds found in the 
large intestine during absorption were negligible. 
In the case of the tolylureas most of the unab- 
sorbed material was in the stomach, which 
suggests that the emptying of the stomach may be 
a determining factor in the absorption of these 
compounds. 


DISCUSSION 


In the previous kinetic studies (Bray e¢ al. 1951; 
1952b, c, d, e; 1955) the compounds administered 
were rapidly absorbed, and the time taken by 
absorption was small compared with the time 
occupied by metabolism and excretion of meta- 
bolites. Under these conditions it was shown that 
the effect of absorption time on the determination 
of values of velocity constants was very small 
(Bray et al. 1951). In contrast to these compounds, 
the tolylureas are absorbed so slowly that it is 
necessary to consider the effect of absorption on 
excretion curves. Following the administration of 
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tolylureas to a rabbit, there is a period during 
which the rate of excretion of metabolites is con- 
stant. Since it is likely, under the conditions of 
these experiments, that the rates of metabolic 
processes undergone by these compounds are pro- 
portional to their body levels it might be expected 
that the body levels would be constant during the 
period over which the excretion curve is recti- 
linear. When the tolylureas were fed to rats it was, 
in fact, found that the experimentally determined 
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Percentage of dose 
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Time (hr.) 

Fig. 4. The absorption and excretion of p-tolylurea (dose 
0-26 g./kg.) administered to rats. Each point on the 
absorption curve, (]—(, represents the average result 
from three rats. The points on the excretion curve, 
O—O, were obtained from the urine of one rat; water 
(2 ml.) was given every 2 hr. The curve without experi- 
mental points represents the body level (amount ab- 
sorbed less amount excreted) and is derived from the 
other two curves. 






body level, i.e. the amount fed less the amounts 
unabsorbed and excreted, remained almost con- 
stant. This is illustrated by an experiment with 
p-tolylurea shown in Fig. 4. This should be com- 
pared with Fig. 5, which shows the corresponding 
curves from an experiment with a rapidly absorbed 
compound, N -(4-hydroxy -3-methylphenyl)urea, 
where the body level rises sharply and then soon 
begins to fall exponentially. The rectilinear phase 
of the tolylurea excretion curves is followed by a 
similar fall in body level corresponding to the 
exponential portion of the excretion curve (e.g. 
see Table 3). There are thus two ways in which 
values for the velocity constants for the metabolic 
processes undergone by the tolylureas may be 
derived. The first is the usual method, applying the 
‘logarithm’ or ‘tangent’ methods to the terminal 
exponential portion of the excretion curve and the 
second is from the quotient of rate of excretion of 
metabolites and body level over the rectilinear 
portion of the curve. The application of the two 
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methods is illustrated by Table 3. The value for the 
2-7 hr. period was calculated from the average 
rate of excretion and body level over that period, 
and the remaining five values from instantaneous 
body levels and rates. Application of the ‘log’ or 
‘tangent’ method to the portion of the curve 
between 8 and 12hr. gives a mean value of 
0-31 hr.-1, which is in good agreement with 
0-29 hr.-! obtained over the 2-7 hr. period, and is 
of the same order as that obtained for the rabbit 
(0-39 hr.-1, Table 2). 


100 


80 


Percentage of dose 


20 


a 2 2 2 Ee ek ee 
Time (hr.) 


Fig. 5. The absorption and excretion of N-(4-hydroxy-3- 
methylphenyl)urea (dose 0-21 g./kg.) administered to 
rats. Each point on the absorption curve, (—Q(, 
represents the average result from three rats. The ex- 
cretion curve, O—O, was obtained from the urine of 
one rat; water (2 ml.) was given every 2 hr. The curve 
without experimental points represents the body level 
and is derived from the other two curves. 


Table 3. Velocity constants for oxidation of the 
methyl group of p-tolylurea by the rat determined at 
various times after dosage 
The value for the 2-7 hr. period corresponds to the recti- 

linear part of the excretion curve and the other values corre- 

spond to the subsequent exponential curve. 


Time after 
Body level Excretion rate k, 


dosage b 
(hr.) (% of dose) (% of dose/hr.) (hr.-?) 
2-7 24 q 0-29 

8 19 5 0-26 
9 14 4:3 0-31 
10 10 2-85 0-29 
11 2 2-25 0-32 
12 5 1-75 0-35 
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This investigation has provided an example of 
another factor which may give rise to linear phases 
in excretion curves in kinetic studies. Previously 
the linear portions observed in excretion curves 
were the result of a deficiency of a conjugating 
moiety, e.g. glycine (Bray et al. 1951, 1955) or 
sulphate (Bray et al. 1952d). In these cases 
absorption of administered compound was rapid 
and usually, if the conjugating moiety or its 
precursor was administered along with the dose, 
an exponential excretion curve was obtained, 
although satisfactory exponential excretion curves 
have not yet been obtained from unsubstituted 
benzoic acid. When a linear excretion curve is the 
result of slow absorption it cannot be changed into 
an exponential curve by administration of con- 
jugating moiety. Suitable analysis of the curve 
can, however, lead to the derivation of satisfactory 
values for velocity constants for metabolic pro- 
cesses. It is not yet known whether this procedure 
is generally applicable, since the absorption 
patterns of different compounds may vary widely. 

It was previously noted (Bray et al. 1952c) that 
the specific rate constants for the formation of 
glucosiduronic acids, k,, from monosubstituted 
phenols did not differ significantly from that of 
phenol itself if the weight of the substituent radical 
did not exceed that of chlorine. For phenols with 
radical weights greater than this, k, values were 
significantly lower than that of phenol. Although 
the two phenols included in the present study are 
not monosubstituted phenols, the radical weight of 
the ureido group, 59, is much greater than that of 
chlorine and the values of k, for both are signifi- 
cantly smaller than that for phenol (Table 2). 
The value for N-(4-hydroxy-2-methylphenyl)urea 
(0-13 hr.-!) is of the same order as that for N-(p- 
hydroxypheny]l)urea (0-11 hr.-1, Bray et al. 1952c), 
while that for N-(4-hydroxy-3-methylphenyl)urea 
is greater (0-27 hr.—1). The values for k, (0-03 and 
0-07 hr.-!) are the smallest which we have observed, 
although of the same order as that of N-(p-hydroxy- 
phenyl)urea (0-11 hr.—1, Bray et al. 1952d). 

One purpose of this investigation was to see 
whether the gradations in metabolic fate of the two 
series of isomers were reflected in the values of the 
appropriate rate constants. The relevant values are 
shown in Table 4. For reasons given previously 
(Bray et al. 1952e) a direct correlation between the 
total amount of each metabolite excreted and the 
corresponding velocity constant would not be 
expected. In the toluic acids the conjugations with 
glucuronic acid and glycine both follow first-order 
kinetics so that the quotient, A/B, of the total 
amounts of the two conjugates should be the same 
as the quotient of the respective velocity con- 
stants, k,/k;,. It can be seen from Table 4 that these 
quotients are, in fact, in close agreement, that the 


10 


gradation in the ortho-, meta- and para-isomers is 
determined chiefly by variations in k, and that the 
irregular gradation of k, has comparatively little 
effect upon the gradation in the quotient. 

In the tolylureas the methods of analysis avail- 
able were not sufficiently precise for the measure- 
ment of amounts of metabolites excreted to an 
extent of less than 1% of the dose and for the 
consequent evaluation of the velocity constants. 
Since neither oxidation of the methyl group of 
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of the conjugation of N-(4-hydroxy-2-methyl- 
phenyl)urea and N-(4-hydroxy-3-methylphenyl)- 
urea with glucuronic and sulphuric acids in the 
rabbit have been studied. Values are given for the 
appropriate velocity constants. 

2. The effect of the slow absorption of the tolyl- 
ureas on the form of the excretion curves obtained 
after their administration is considered. The 
derivation of values for velocity constants from such 
excretion curves is discussed. 


Table 4. Relation between mean velocity constant and percentage of dose excreted for reactions of 
the ortho-, meta- and para-isomers of toluic acids and tolylureas in the rabbit 


Toluic acids 


Conjugation as ester 
glucosiduronic acid 


Conjugation with glycine 
A 





(% of dose) k, 

Tsomer A (hr.—?) 
Ortho 70 0-63 
Meta 13 0-18 
Para 4 0-02 


17 
77 
62 


(% of dose) k 
B 


~ 


h 
(hr.—) 
0-15 
0-96 
0-31 


Tolylureas 


Oxidation of methyl group 


pe 
Excretion as 
free ureido- 
benzoic acid 
and ester 
glucosiduronic 
acid 
(% of dose) 
Y 


ae 


ky, coon 
(hr.-}) 
0 40 
0-26 46 
0-39 0 


Ortho 0 
Meta 53 
Para 90 


o-tolylurea nor hydroxylation of p-tolylurea could 
be detected by these methods the values for the 
quotients of the amounts excreted and of the 
velocity constants are not finite for these two 
isomers and the exact values of the velocity con- 
stants play little part in determining the metabolic 
fate of the ortho and para compounds. The two 
processes measured both follow first-order kinetics 
and the values of the quotients C/D and ky goou/ 
ky on Should be of the same order. That the 
agreement for the meta-isomer is not as close as for 
the toluic acids is probably due to experimental 
error in evaluation of the rate constants which in 
each case required two determinations (ether- 
soluble acid+ester glucuronide and ether glucu- 
ronide+ethereal sulphate) and depend on four 
base-line values. 


SUMMARY 
1. The kinetics of the conjugation of the toluic 
acids with glycine and glucuronic acids, of the 
oxidation and hydroxylation of the tolylureas, and 


Nuclear hydroxylation 
eas eee \ 
Excretion as 
phenolic con- 

jugates of 
glucuronic and 
sulphuric acids 
(% of dose) 
D 


ky, OH z 
(hr.~) C/D ky, coon! *p, on 
0-11 0 0 

0-30 1-15 0-87 
0 © © 


3. The gradation in the relative amounts of 
metabolites of ortho-, meta- and para-isomers 
excreted is discussed in relation to the velocity 
constants of the reactions involved. 
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By constrast with other components of connective 
tissue, relatively few chemical studies on the 
structure of elastin have been reported. This may 
be due to the inherent difficulty of studying a 
protein which is characteristically insoluble and 
resistant to the attack of mild reagents. As in the 
case of other fibrous proteins, the only feasible 
approach to a chemical study of structure appears 
to be by a process of stepwise degradation, and the 
aim of this work was to prepare the ground for 
such a study by an examination of the products of 
mild acid hydrolysis. 

During an investigation of the early stages of 
hydrolysis of various mucoids and connective- 
tissue proteins, it was observed that, on treatment 
with dilute acetic acid or oxalic acid at 100°, 
aspartic acid was in each case the first free amino 
acid to appear, followed at a later stage by glutamic 
acid (Partridge & Davis, 1950). Since elastin has 
an unusually low content of the dicarboxylic 
amino acids (Stein & Miller, 1938; Neuman, 1949) 
and has a low content of serine and threonine, 
which also give rise to easily hydrolysable peptide 
bonds (Desnuelle & Bonjour, 1952), it was thought 
that the first products of hydrolytic cleavage 
might consist of a mixture of soluble degradation 
products of high molecular weight. It was later 
observed (Adair, Davis & Partridge, 1951) that 
six successive extractions, each with 0-25m oxalic 
acid at 100° for 1 hr., were sufficient to bring dried 
and powdered elastin from ligamentum nuchae of 
cattle completely into solution. 

If a study of the degradation products is to give 
information which is relevant to the elastin fibre as 
it exists in elastic tissue, it is important to know if 
the fibre is itself homogeneous. Morphologically, 


* Part 1: Biochem. J. 43, 387 (1948). 


the elastin fibre has for many years been recognized 
as an entity, and autoclaved preparations of 
elastin, particularly those from ligamentum nuchae, 
are usually considered to be homogeneous chemic- 
ally. The work reported in this series of papers 
supports the view that purified preparations of 
elastin are chemically homogeneous, although there 
seems reason to suppose that there may be 
structural heterogeneity at macromolecular level. 

The protein fibre as it exists in elastic tissue is 
closely associated with collagen. Thus Astbury 
(1940) observed a typical collagen X-ray diffraction 
pattern in stretched ligamentum nuchae, but this 
changed to amorphous rings when collagen was 
removed by autoclaving. 

Wolpers (1944) treated ligamentum nuchae with 
pepsin for 24 hr. in order to remove collagen and 
obtained fibres of a size suitable for study with the 
electron microscope. The preparation was revealed 
as large branching amorphous fibres ranging in 
width from 25004 to 2004. The fibres appeared to 
have no axial periodicity. 

McCartney (1914) showed that after removing 
collagen from ligamentum nuchae by peptic di- 
gestion the fibres contract linearly with increase in 
temperature and return to their original length on 
cooling. Jordan Lloyd & Garrod (1948) compared 
the thermoelastic behaviour of elastin to that of 
rubber and deduced that in the unstretched fibre 
the peptide chains are highly contorted and are 
cross-linked at a few points only. They found that 
if the fibre is dried in the stretched condition it 
remains in the extended state after release of the 
tension. This was explained as being due to the 
polar properties of the peptide bonds, which 
introduce further cross-links when water is re- 
moved. Imbibition of water is necessary to keep 
the chains apart, and thus to permit thermal 
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contraction after stretching. In this, elastin fibres 
differ from rubber, which being non-polar will 
not ‘set’ in the extended state at room tem- 
perature. 

Recently Balo & Banga (1950) showed that 
pancreatic extracts contain an enzyme ‘elastase’ 
which dissolves elastin but not native collagen 
fibres. Pure trypsin and chymotrypsin have no 
action on the elastin of aorta wall and the dissolu- 
tion of elastin by elastase was thought to be 
associated with a change in molecular state from 
rod-shaped to globular particles rather than to 
proteolysis. Hall, Reed & Tunbridge (1952) 
observed that small amounts of polysaccharide and 
bound sulphuric acid are intimately associated with 
protein in elastic tissue, and that on treatment with 
elastase these substances are released. 

Banga & Schuler (1953) showed that, in the 
course of digestion with elastase, reducing sub- 
stances thought to be carbohydrate in character 
are split off from elastin. This result led them to 
the suggestion that elastin is a glycoprotein, the 
fibrous character of which is determined by a 
carbohydrate group built into the molecule. Later 
(Banga, 1953) it was shown that the reducing sub- 
stances split off during elastolysis could not be 
ascribed to carbohydrate. 

The results of the work described in this and the 
following paper (Partridge & Davis, 1955) have led 
to the view that the substance of the elementary 
elastin fibre is a chemically homogeneous protein, 
although it may exhibit heterogeneity at macro- 
molecular level; the physical properties of elastic 
tissue may be a result of the macromolecular 
structure of the elastin comprising the elementary 
fibres and of the way in which these fibres are 
cemented by collagenous structures and muco- 
proteins. 

A preliminary report on the work described in 
this and the following paper was read at the 
Second International Congress of Biochemistry 
(Partridge, 1952). 


METHODS 


A modification (Hiller, Plazin & Van Slyke, 1948) of the 
micro-Kjeldahl method was used for the determination of N. 
Total S was estimated by a modification (Lugg, 1938) of 
the peroxide fusion method. Ester-bound S was determined 
as SO,-S after hydrolysis with 5n-HCl for 20 hr. at 100°, 
using the gravimetric procedure described by Lugg (1938). 
Moisture was determined by drying to constant weight 
over P,O; at 80° under reduced pressure; in all cases ash 
was weighed as sulphate. Protein concentrations were 
determined refractometrically (Adair & Robinson, 1930a) 
using An=1-84 x 10-3 as the refractive increment of the 
protein (1%, w/v solution at 25°). 

The analyses quoted in the text are corrected for ash and 


water. 
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Electrophoresis experiments. The experiments were 
carried out with the apparatus of Tiselius (1937) using the 
Philpot-Svensson optical arrangement (Svensson, 1939, 
1946). The bath temperature was 3-2°. Two series of 
buffers were used. The series at ionic strength 0-02 were 
sodium acetate, glycine-HCl and sodium phosphate 
buffers chosen to cover the range pH 2-9. The solutions at 
ionic strength 0-20 were prepared by addition of sufficient 
NaCl to the same buffers to raise the ionic strength to the 
required value. The protein solutions were dialysed against 
the appropriate buffer for 3-4 days until equilibrium was 
reached, the concentration of protein was then measured 
refractometrically and the solutions were adjusted to 0-5- 
1:0% (w/v) by dilution with the buffer. 

The conductivities of the buffer and protein solutions were 
measured at 0° and the mean of the two values was used in 
conjunction with the current readings in order to determine 
a mean value for the potential gradient at the boundaries, 
Since conductivity was measured at 0° the values for 
mobility refer to 0° rather than to the temperature of the 
bath. The pH of the buffer solutions was measured by 
means of a glass electrode, checked by hydrogen electrode 
at 0°. 

Membrane potentials and osmotic pressure measurements, 
The apparatus and the experimental methods for the 
measurement of membrane potentials were as described by 
Adair & Adair (1934). The measurements were carried out 
at 0+0-2° and equilibration was continued for several days 
with repeated changes of buffer mixtures until constant 
readings were obtained, or until the solution gave constant 
osmotic pressures. 

Osmotic pressures were measured at temperatures 
ranging from 0-5 to 1-5° using the toluene osmometers of 
Adair (1949). Collodion membranes (Adair, 1925) were 
employed in all experiments. Equilibrium was reached 
quickly (sometimes overnight) but in all cases readings 
were taken over extended periods to ensure that solutions 
were truly equilibrated. Pressures were reduced to mm. Hg 
at 0° by applying the gas laws. 

At the end of each experiment, samples of the protein 
solution and the external solution were warmed to room 
temp. (about 18°) and their refractive indices were measured 
by means of an immersion refractometer. 

The protein concentration, c, expressed as g. protein/ 
100 ml. solution, was calculated by the formula: 


c=(n—n’)/«’, 


where n=refractive index of protein solution, n’=re- 
fractive index of external solution, «’ =apparent refractive 
increment. 

A preliminary determination of «’ by a gravimetric 
method is recorded in Table 1. ¢ was determined by drying 
the solution over P,O, in vacuo, and deducting the weight of 
sodium and phosphate ions. 

Table 1 gives additional data for densities, density in- 
crements and apparent specific volumes at 0-9° and at 19°. 
For definition and measurements of density increments see 
Adair & Adair (1947). 

Table 1 also includes a calculation of a factor k,, 
the weight of water displaced by 1g. of protein. This 
factor k,, may be used to calculate the protein content, 
in g./100g. of water, from measurements of the con- 
centration c. 
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(b) Purified elastin powder: a field in which several bundles of fibres have escaped separation 
during the process of purification (unstained, x 100). 
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Table 1. Gravimetric determination of refraction and density increments for the primary extraction product 
using a solution in sodium phosphate buffer 


Symbol Definition Value found 
n’ Refractive index of buffer (19°) 1-33414 
n Refractive index of protein solution (19°) 1-34559 
c g. protein/100 ml. protein solution (19°) 6-24000 
a” Refractive increment* 0-00184 
P Density of protein solution (19°) (g./ml.) 1-01920 
p Density of buffer (19°) (g./ml.) 1-00340 
ki Density increment (19°)f 0-25430 
p Density of protein solution (0-9°) (g./ml.) 1-02180 
p’ Density of buffer (0-9°) (g./ml.) 1-00510 
c g. protein/100 ml. protein solution (0-9°) 6-25600 
k Density increment at 0-9°F 0-26700 
v Apparent volume, 1 g. protein (19°) (ml.){ 0-74300 
v Apparent volume, 1 g. protein (0-9°) (ml.)t 0-72900 
Cy g. water/ml. protein solution (19°) 0-95190 
e g. water/ml. buffer (19°) 0-99770 
E, g. water displaced/g. protein§ 0-73400 
S g. (Na+ + HPO,?- + H,PO,-)/100 ml. protein soln. 0-49000 
s’ g. (Nat + HPO,?- +H,PO,-)/100 ml. buffer 0-54600 


* a’ =(n-n)/c. t (p—p’)|(0-01e). 


MATERIAL 


Ligamentum nuchae from ox, obtained fresh from the 
abattoir, was carefully freed from adhering fatty tissue and 
membrane. It was then cut into thin strips and com- 
minuted finely in a power mincer. The product was then 
shaken gently with about 20 vol. of 1% (w/v) NaCl and the 
treatment continued with fresh salt solution until the 
extract gave no test for protein with trichloroacetic acid 
solution. The mince was washed free from NaCl with dis- 
tilled water and was then extracted with a further quantity 
of distilled water in an autoclave at 1 atmosphere pressure 
for 45 min. Autoclaving was continued with fresh distilled 
water for further periods of 45 min. until the extract gave 
a negative biuret test. Usually three or four extractions 
were necessary. 

After washing with warm distilled water, the material 
was dehydrated with ethanol and thoroughly extracted 
with 50% (v/v) ethanol-ether to remove lipids. It was 
extracted finally with ether and dried in vacuo at 30-40°. 
Final drying was carried out in vacuo over H,SO, and the 
dry mince was then milled to a fine free-flowing powder by 
passage through a stainless-steel hammer mill. 

The fine powder was again treated in the autoclave at 
one atmosphere pressure for two further periods of 45 min. 
to remove remaining traces of collagen and mucopoly- 
saccharide. It was then washed with warm distilled water, 
dehydrated with ethanol and again extracted with ethanol- 
ether. After drying to a low water content it was again 
passed through the hammer mill using a fine-mesh sieve. 


EXPERIMENTAL AND RESULTS 


The purified preparation of elastin from ligamentum nuchae 
was a free-flowing cream-coloured powder, which under the 
microscope appeared as short, smooth, rod-like fibres of 
almost circular cross-section. The fibres appeared to be 
remarkably uniform in thickness; measurement of 50 
fibres gave a mean value of 65. for the diameter with a 


$v’ =(1-k)/p’. $ hw = (Co — w)/(0-01¢). 


variation from 36 to 99y., whilst the lengths were of the 
order of 0-15-0-50 mm. 

The fibres forming the dried powder from ligamentum 
nuchae were much thicker than the elastin fibres to be seen 
in loose connective tissue. These latter are observed as 
long thin threads, branching in many directions and 
staining strongly with orcein— or resorcin-fuchsin. Histo- 
logical preparations of the fibres from ligamentum nuchae 
were made by embedding some of the powder in gelatin 
and fixing in neutral formalin solution; alongside this a 
number of preparations were made from abdominal areolar 
tissue from freshly killed rats and these were fixed with the 
same solution. Sections were then cut and stained both 
by Verhoeff’s and Weigert-French’s procedures for elastin. 
The sections were finally treated with the counterstains of 
Van Gieson and Mallory. 

The fibres from the powder preparation showed the same 
staining properties as the elastin fibres in the areolar tissue 
sections; the collagen and ground substance in the latter 
preparations did not retain the orcein-fuchsin stain but 
were well demonstrated by the counterstains. Plate la 
shows the typical appearance of the fibres forming the 
purified elastin powder. Plate 15 shows a field in which 
there are several bundles of fibres which have escaped 
separation during the process of purification. 


Composition of the elastin powder 


For elementary analysis the powder was dried over P,O,; 
at 80° to constant wt. (56 hr.). The ash content (as sul- 
phate) was less than 0-02%. The ash-free protein had N, 
17-3 (Dumas); C, 51-8; H, 7-4% (combustions by Weiler 
and Strauss, Oxford). The S content varied in different 
preparations from 0-17 to 0-28%. Determinations of 
inorganic and ester-bound S (weighed as BaSO, after 
hydrolysis with 5N-HCl for 20 hr. at 100°) also gave variable 
results, different preparations yielding values in the range 
0-02-0-13%; it thus seems possible that the variation in 
both sets of figures is due to the presence of small and 
variable amounts of ester-bound and inorganic sulphur, P, 
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determined by the method of Fiske & Subbarow (1925) 
was less than 0-02%. 

The preparation gave negative Molisch and Seliwanoff 
tests but with the anthrone reagent (Morris, 1948) gave a 
colour corresponding to 0-17% carbohydrate (as glucose) 
and with the orcinol reagent (Sorensen & Haugaard, 1933) 
0-30% (as glucose). Since both these reagents give high 
values in the presence of a large excess of certain proteins, 
due to the production of coloured degradation products, it 
is probable that the actual carbohydrate content is con- 
siderably lower. Analysis for hexosamine by the method of 
Elson & Morgan (1933) gave a colour equivalent to 0-25 % 
(as glucosamine). Here again the colorimetric procedure is 
known to be unreliable in the presence of a large amount of 
protein (see, for example, Immers & Vasseur, 1952). Since 
the presence or absence of this content of hexosamine may 
be important, amino sugars were also determined chro- 
matographically. The procedure used was a modification 
of the method of Moore & Stein (1951; see Partridge & 
Davis, 1955). Small elution peaks due to both glucosamine 
and galactosamine were observed, but the amount in each 
case corresponded to less than 0-05 % of the protein. Small 
peaks corresponding to other substances giving a red 
colour with the Elson & Morgan reagents were also found. 
A full amino acid analysis, carried out on the hydrolysed 
protein, is given by Partridge & Davis (1955). 


Partial hydrolysis with oxalic acid 

The elastin powder (20 g.), prepared as above, was mixed 
with 0-25 oxalic acid (150 ml.) in a round-bottomed flask 
provided with an air condenser. The mixture was heated on 
a steam bath for 1 hr. and then rapidly cooled and centri- 
fuged. The precipitate was washed on the centrifuge with 
0-25 oxalicacid, and the washings were added to the super- 
natant. The residue was again treated with 0-25m oxalic 
acid for 1 hr. at 100°, and the extract and washings were 
collected as before. This was repeated five times in all. The 
whole of the powder dissolved to give a clear yellow solution 
which required no filtration. The solution was then dialysed 
in cellophan tubes against changes of distilled water until 
free from oxalate. The solution then contained about 
1-25% (w/v) protein, as determined refractometrically, 
and was stored in the frozen state at — 10°. 

The diffusible material, which passed through the cello- 
phan tubes, was investigated by evaporating the solution 
to small bulk and determining total N (Kjeldahl). The 
material represented 4:9% of the N originally taken. 
Oxalic acid was removed as the Ca salt and the solution 
evaporated to about 10 ml. Paper chromatograms pre- 
pared with this concentrated solution showed the presence 
of only one free amino acid, aspartic acid. The remainder of 
the material contained peptides, which on hydrolysis gave 
two-dimensional chromatograms similar to those of the 
hydrolysis products of the elastin powder. 


Properties of the soluble protein 


For the preparation of a dry product, the protein solution 
was evaporated from the frozen state in vacuo. This 
yielded a light foliated powder: ash, 0-03; C, 51-6; H, 7-4; 
N, 163%. Orcinol reaction for carbohydrate, 0-20% (as 
glucose). 

The dry powder, which is called here ‘the primary 
extraction product’, was readily soluble in cold water, 
yielding a pale-yellow mobile solution, from which protein 
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was precipitated by the addition of trichloroacetic acid to 
5% (w/v). In this respect the behaviour of the protein 
differs from that of the soluble protein produced by the 
action of elastase on elastin, which gives no precipitate 
with trichloroacetic acid at 5% (w/v) but gives an oily 
precipitate at 10-18 % (w/v) (Banga, 1951). On raising the 
temperature of the solution of the primary extraction 
product in dilute buffer at pH 4-6, a precipitate, or 
‘coacervate’, consisting of liquid droplets separated. The 
droplets showed no birefringence under crossed nicols and 
immediately dissolved again on lowering the temperature. 


Effect of pH and ionic strength on the 
temperature of coacervate formation 


For these experiments a solution of the primary extrac- 
tion product containing 1-43% (w/v) was used. Equal 
volumes of protein solution and buffers of various pH and 
ionic strength were well mixed in small beakers and the pH 
was determined by glass electrode in each case. The final 
protein concentration was 0-715% (w/v). A number of 
lengths of thin-walled tube about 2mm. diameter, were 
sealed off at one end, and a small quantity (0-3 ml.) of the 
various protein solutions was introduced into each. The 
tubes were attached to the bulb of a standardized ther- 
mometer by means of rubber bands, and the temperature 
was raised slowly by immersion in a water bath provided 
with a mechanical stirrer. The temperature at which 
opacity first appeared was noted in each case. The bath was 
then allowed to cool and the temperature at which the 
solution cleared was noted. These two temperatures were 
the same within 0-1°. 

The results of the determinations are shown in Fig. 1. 
For the determinations at ionic strength 0-01, sodium 
acetate buffers were used over the range pH 3-6-5:8, 
glycine-HCl buffers over the range pH 2-5-3-6 and sodium 
phosphate buffers for the remainder of the experiments. 
The experiments at ionic strength 0-10 were carried out with 


Temperature 
> w 
o 
7 


w 
o 
° 


nN 
o 
° 





PH at 20° 


Fig. 1. Temperature of first appearance of coacervate. 
Primary extraction product, protein concentration 
0-715 % (w/v). A, acetate or phosphate buffer, ionic 
strength 0-01; O, buffer of ionic strength 0-01 with 
addition of NaCl to total ionic strength 0-10. The co- 
acervate appeared on raising and disappeared on lower- 
ing the temperature. . 
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the same range of buffers, but NaCl was added to give a con- 
centration of 0-18M. The final ionic strength was therefore 
0-09 with respect to NaCl and 0-01 with respect to buffer. 

To test the effect of protein concentration a parallel 
series of experiments was carried out at higher dilution 
(final protein concentration, 0-358% w/v). Within the 
accuracy of the determinations the points lay on the same 
curve; thus the concentration of protein appears to have 
no effect on the precipitation temperature in the range of 
concentrations studied. 

Fig. 1 shows that at low ionic strength there is a marked 
minimum in the precipitation temperature at pH 5-3, the 
curve being nearly symmetrical about this point. As is 
shown later, the minimum lies close to the isoelectric point 
of the protein in the buffer used. At higher ionic strength 
the curve is much flattened and the minimum disappears. 

Composition of the protein-rich phase. A solution of the 
primary extraction product (10 ml.) was mixed with 0-1 ml. 
of m sodium acetate buffer (pH 4-7). The protein concen- 
tration of the buffered solution was 1-408% (w/v) as 
determined refractometrically. 

The solution was warmed to 37° and then centrifuged at 
the same temperature. The droplets of coacervate collected 
on the bottom of the centrifuge tube as a viscous syrup. The 
clear upper layer was carefully poured off and the refractive 
index of both the supernatant and the lower layer was 
determined. If the salt content of both layers is assumed to 
be the same, the protein concentration of the supernatant 
was 0-87 % (w/v) and that of the lower layer 43-1-.0-25% 
(w/v). Assuming the specific volume of the protein to be 
0-74 ml. (Table 1), calculation of the hydration value of the 
protein-rich phase gives 1-57 g. water/g. dry protein. 


Fig. 2. Electrophoresis pattern of the primary extraction 
product in sodium acetate-NaCl buffer at pH 4-64 
(I, 0-20). Left, negative, descending; right, positive, 
ascending. Top, pattern after 190 min.; bottom, pattern 
after 355 min. Potential gradient, 3-1v/cm.—'. Distance 
from A to B, 8-6 em. 





Electrophoresis experiments 


When dialysed against buffer mixtures of ionic strength 
0-20 the protein (primary extraction product) showed a 
single symmetrical peak in the electrophoresis apparatus at 
all pH values in the range pH 2-9. When the ionic strength 
was decreased to 0-02 the protein showed a single peak 
in the range pH 4-7-7-5, but below pH 4-7 a boundary 
anomaly was encountered which resulted in unsymmetrical 
peaks, particularly in the ascending limb. Fig. 2 shows the 
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width and spreading of the boundaries in sodium acetate- 
NaCl buffer at pH 4-64. 

In Fig. 3 the mobility readings are plotted against the 
buffer pH. At ionic strength 0-2 the value for the isoelectric 
point of the protein was 3-9, but the determinations carried 
out in the more dilute buffer showed a considerable 
change in isoelectric point, the value found being 4-8. 
Since a change in isoelectric point of this order is a rather 
unusual property, the isoelectric points of the protein were 
also determined in the same buffers by means of membrane 
potential measurements. 


Mobility, cm.2 v-1.sec.-1 X10-5 





Fig. 3. Electrophoretic mobility of the primary extraction 
product: A, buffer of ionic strength 0-02; O, buffer of 
ionic strength 0-02 with the addition of NaCl to total 
ionic strength 0-20. 
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Fig. 4. Molecular charge (assuming mol.wt. 67 000) from 
membrane potential measurements with the primary 
extraction product: I, O, charge at ionic strength 0-02 
from membrane potentials; A, plot of electrophoretic 
mobility (cm.2v-! sec.-!) multiplied by an arbitrary 
factor (3-11 x 10°); II, O, charge at ionic strength 0-2 
from membrane potentials. 


Isoelectric point from membrane 
potential measurements 


Fig. 4 (curve I) shows the valency of the protein (primary 
extraction product) when in equilibrium with acetate and 
phosphate buffer mixtures at various pH values in the 
pH range 3-0—-7-5. The charge on the protein was calculated 
from measurements of membrane potential at 0° assuming 
an average particle weight of 67000 derived from osmotic- 
pressure determinations reported later. The ionic strength 
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of the buffer solutions was 0-02; the readings were corrected 
for variations in protein concentration as described by 
Adair & Adair (1934). By interpolation (curve I) the iso- 
electric point of the protein at ionic strength 0-02 was 4-7. 
When the ionic strength of the buffer solution was raised to 
0-20 by the addition of NaCl, similar determinations (curve 
Il) showed that the protein was isoelectric at pH 4-0. 

The broken line in Fig. 4 is a plot of values for the 
electrophoretic mobility of the protein measured in the 
same buffer mixtures as were used for the determination of 
membrane potentials. The values for mobility have been 
multiplied by an arbitrary factor in order to bring the 
ordinates to the same scale. ~ 


Fractionation of the primary extraction product 


Several methods of fractionating the primary extraction 
product were attempted. These included fractional pre- 
cipitation with ethanol at 20°, precipitation with ammonium 
sulphate at 0°, fractionation by ultrafiltration through 
highly porous collodion membranes, and precipitation as 
the coacervate at pH 4 (ionic strength 0-01) by raising the 
temperature. 

The experiments resulted in the separation of two com- 
ponents with differing physical properties. The major 
component, designated the ‘a-fraction’, showed the 
characteristic property of phase separation on raising the 
temperature. Osmotic-pressure determinations for this 
fraction (which represented 60-75% of the whole) gave a 
mean molecular weight of 60000 to 84000 in different 
preparations. The minor component (designated the 
‘ 8-fraction’) gave no precipitate on raising the temperature 
of an isoelectric solution and had a mean molecular weight 
of 6000 from osmotic-pressure measurements. 

Ultrafiltration with a highly permeable collodion membrane. 
A solution (11 ml., containing 3-16% (w/v) protein) of 
the primary extraction product (mean mol.wt. 60000) in 
sodium phosphate buffer (pH 7-4; ionic strength 0-1) was 
filtered under pressure through a highly permeable collodion 
membrane. A mercury manometer was adjusted to pro- 
vide an internal pressure in the sac sufficient to complete 
the filtration in about 8 hr. The residue in the sac (2-3 ml.) 
contained 12-1 % protein. Osmotic-pressure determinations 
in the same buffer solutions showed that the diffusible 
fraction (which represented approximately 20% of the 
whole) had mean mol.wt. 9000. 

The fraction of low molecular weight, after dialysis 
against 0-01 m sodium acetate buffer (pH 4-7) in a cellophan 
membrane, gave no visible precipitate on raising the 
temperature. These results are interpreted as giving a clear 
indication that the primary extraction product contains 
a minor component of very low molecular weight and 
markedly different physical properties from those of the 
remainder of the material. 

Fractionation with ammonium sulphate. A solution of the 
primary extraction product (10 ml.) containing 3-8 % (w/v) 
protein was cooled to 0° and (NH,),SO, solution, saturated 
at 0°, was added in successive amounts of 1 ml. Thesolution 
remained clear until 0-4 vol. of sat. (NH,),SO, had been 
added, when a heavy precipitate of liquid droplets separ- 
ated. This was removed by centrifuging at 0°. No further 
precipitate appeared until 1-0 vol. of (NH,),SO, solution 
had been added when precipitation of liquid droplets was 
again observed. A further addition of 0-1 vol. of (NH,),.SO, 
resulted in a further light precipitate and a little more 
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material separated on saturating the centrifuged solution 
with (NH,),SO, crystals. The precipitate which appeared 
after addition of 0-4 vol. of sat. (NH,),SO, represented 
about 60% of the protein originally present, and after 
dialysis against water followed by 0-01m sodium acetate 
buffer (pH 4-7) it showed the property of reversible co- 
acervate formation characteristic of the «-fraction. The 
precipitates which appeared after the addition of 1 vol., 
1-1 vol. and at saturation with (NH,),SO, were combined 
and dialysed against water, followed by the acetate buffer, 
On raising the temperature of the buffered solution no 
precipitate formed. It was thus concluded that this sub- 
stance was the minor protein component (-fraction) 
observed during the ultrafiltration experiments. It is 
significant that no precipitate was formed between the 
addition of 0-4 and 1-0 vol. of sat. (NH,),SO,, and this was 
taken to indicate that the molecular-weight distribution 
in the primary extraction product takes the form of two 
discrete peaks, corresponding to the «- and £-protein 
fractions. 

A similar fractionation carried out with ethanol at 20° 
gave no clear separation between the «- and £-proteins. 

Fractionation by precipitation of the coacervate at higher 
temperatures. A solution of the primary extraction product 
(340 ml., 1-25% (w/v) protein) was adjusted to pH 4-7, 
ionic strength 0-01 with sodium acetate buffer. A large 
round-bottomed flask was arranged on the shaft of a 
geared motor so that it could be rotated slowly in a bath of 
water with its neck at an angle of about 45°. About 100 g. 
of glass spheres (approx. 4 mm. diam.) were introduced into 
the flask together with the protein solution. The water 
bath was raised to 50° and maintained at this temperature 
for 10 min. while the flask was rotating. The droplets of 
coacervate which formed in the solution were transferred to 
the surface of the beads as a thick viscous layer and the 
supernatant solution finally became clear. A glass filter 
funnel, containing a fluted paper, was arranged in a con- 
stant-temperature oven at 60°, and the clear supernatant in 
the flask (still at 50°) was poured off the beads directly 
into the funnel. After draining, the viscous coacervate was 
dissolved in ice-cold water by slowly rotating the flask in 
a bath containing ice and water. 

The coacervate solution was then adjusted to the original 
pH and ionic strength by the addition of sodium acetate 
buffer and the process repeated twice more. The supernatant 
solutions from the second and third precipitation contained 
less than 0-06% (w/v) of protein and were rejected. The 
supernatant from the first precipitation was heated to 80°; 
a further light precipitate of coacervate formed, and this 
was removed by shaking with a little Hyflo-Supercel 
(Johns-Manville Co., London) and filtering at 80°. The 
solution was evaporated to 34 ml. by use of a rotary 
evaporator (Partridge, 1951). It was then dialysed against 
0-01N sodium acetate buffer (pH 4-7) to equilibrium and 
again raised to 80°. The slight opalescence which formed was 
removed by shaking at 80° with Hyflo-Supercel and filtering 
at the same temperature. 

The protein from the supernatant was recovered by 
dialysing against water and drying from the frozen state 
(yield 0-73 g.). Its solution in 0-01N acetate butfer gave 
no opalescence on heating to 90° and the product was 
therefore identified as the B-protein. Osmotic pressure 
determinations on this product gave a value of 6000 for the 
mean mol.wt. . 
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The thrice-precipitated coacervate was recovered by 
dialysing the solution against distilled water, filtering to 
remove traces of insoluble matter and finally drying from 
the frozen state. It showed the typical property of co- 
acervate formation, and was therefore regarded as con- 
sisting substantially of the «-fraction. Molecular weight 
determinations by osmotic-pressure measurements gave a 
value of 70000. As a test for degree of homogeneity, its 
behaviour on fractional precipitation with ethanol and 
with ammonium sulphate was determined. The whole of 
the material in an aqueous solution containing 0-7% of 
protein was precipitated sharply on addition of 0-2 vol. of 
ethanol. After standing for several hours, the precipitate 
was removed by centrifuging, and no protein could be 
detected in theclear supernatant. A similar result was given 
with ammonium sulphate fractionation at 0° according to 
the procedure already given; the whole of the protein was 
precipitated sharply on addition of 0-4 vol. of saturated 
ammonium sulphate, and no fraction corresponding to the 
B-protein was found. 

The results of these and other fractionation procedures 
attempted are generally in accordance with the view that 
the primary extraction product is a mixture of two gross 
components, one of very high mean molecular weight and 
one of low molecular weight. The absence of centre fractions 
suggests that components of intermediate molecular weight 
are absent. 

In order to obtain some further indication of the degree 
to which the «-protein was itself polydisperse, the product 
from this fractionation was again fractionated by co- 
acervate formation at a lower temperature. A solution of 
the «-protein (78 ml.) containing 0-7% protein (0-585 g.) 
was adjusted to pH 4-7, ionic strength 0-01, with acetate 
buffer and centrifuged at 37° in a constant-temperature 
room. The coacervate which formed collected as a viscous 
layer in the bottom of the centrifuge cups. The clear super- 
natant was poured off and contained 0-22% protein 
(0-17 g.). On evaporating this solution to small bulk and 
dialysing it again against 0-01 N acetate buffer (pH 4-7), the 
temperature at which droplets of coacervate appeared in 
the solution (protein concentration 0-9%) was 35-2°. This 
material was therefore regarded as a fraction of the «- 
protein having a mean molecular weight lower than that of 
thestarting material. Owing to anaccident, osmotic pressure 
determinations could not be carried out on this fraction. 

The coacervate which had been precipitated at 37° was 
taken up in the ice-cold acetate buffer and was again 
precipitated at 37°. The process was then repeated for a 
third time. The second and third supernatants contained 
less than 0-06 % (w/v) protein and were rejected. The thrice- 
precipitated coacervate was taken up in 37 ml. of ice-cold 
buffer (protein concentration 1-1% (w/v), wt. of protein 
0-41 g.) and a sample taken for a precipitation-point 
determination at pH 4-7. The temperature at which 
opalescence first appeared was found to be 22-2°. Osmotic- 
pressure determinations on this fraction gave a value of 
130000 for the mean molecular weight. This result indi- 
cates that the «-protein is itself polydisperse over a con- 
siderable range. 


Osmotic pressure experiments with 
solutions of the B-fraction 
The simplest results were obtained with solutions of the 
B-fraction, specified in Table 2, with concentrations of 


° 
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electrolyte controlled by dialysis with a sodium phosphate 
buffer mixture containing traces of sodium bicarbonate. 

In the solutions referred to in Table 2, the observed 
osmotic pressures were directly proportional to the protein 
concentration. The third column gives values for M/d, 
where M is the number-average molecular weight of the 
protein, and the symbol ¢ represents the effects on the 
membrane equilibrium of diffusible ions and other factors 
which may cause deviations from van’t Hoff’s law (Adair & 
Robinson, 19305). 


Table 2. Osmotic pressure of the B-protein 


Buffer mixture: Na,HPO,,12H,O, 10-747 g./l. (0-03™); 
NaH,PO,,2H,0, 1-561 g./l. (001m). The initial ionic 
strength was 0-10 and the initial pH value 7-42 at 1-0°. 
II, osmotic pressure in mm. Hg reduced to 0°; c, percentage 
concentration in g. anhydrous protein/100 ml. protein 
solution; M/¢, ‘apparent molecular weight’ (see text). 
Calculated on basis that M/¢=17034 (10 c/II). Final pH 
values of dialysates ccntaining traces of CO, ranged from 
7-37 to 7-40. 


c II M/¢ 
0-187 5-82 5500 
0-578 17-72 5600 
0-932 28-35 5600 
1-094 34-35 5400 


The observed variations in M/¢ are unusually small; it 
may be inferred that the factor ¢ is near to unity and that 
the mean value for M/¢, 5500+ 100, is nearly equal to the 
molecular weight. 


Osmotic pressures of solutions of the 
primary extraction product 


Table 3 records results for a preparation of the primary 
extraction product. It will be seen that the apparent 
molecular weights for this unfractionated protein are much 
more variable than the figures for the B-fraction. 

The measurements in Table 3 show two types of varia- 
tions. (1) The values for the apparent molecular weight 


Table 3. Osmotic pressure of solutions 
of the primary extraction product 


pH values of the dialysates ranged from 7-37 to 7-40; 
ionic strength 0-10. Conditions as in Table 2. II, osmotic 
pressure in mm. Hg reduced to 0°; c, g. anhydrous protein/ 
100 ml. protein solution; M/¢, ‘apparent molecular weight’. 
(For basis of calculation see text.) I ceqi.)=2°839 ¢/(1- 
0-084 c) (see text). 


c TT obs.) TT cate.) M|/$ ors 
0-47 1-51 1-40 53 000 
0-53 1-47 1-59 62 000 
0-87 2-43 2-65 61 000 
1-26 4-40 4-00 49 000 
1-53 4:87 4-98 34 000 
1-97 7-24 6-71 47 000 
2-03 6-71 6-94 51 700 
3-08 12-10 11-77 43 500 
5-43 29-20 28-40 31 800 
5-54 29-10 29-41 32 500 
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M/¢ tend to diminish as the protein concentration is 
increased as shown in the last column in Table 3. (2) There 
are erratic variations, shown by comparing observed 
osmotic pressures, listed in column 2, with calculated 
pressures recorded in column 3. These pressures were com- 
puted by making use of an empirical formula 


TI gate, = 2°839¢/(1 — 0-084e). 


The mean difference between observed and calculated 
pressures is 0-3 mm. Hg, or 5-5 % of the calculated pressure. 

These variations are much larger than the experimental 
errors observed in earlier series of measurements made with 
haemoglobin, where the mean difference between observed 
and calculated pressures was 0-015 mm. Hg (Adair, 1949). 

The larger variations observed may be due to the hetero- 
geneity of the protein. In the process of measuring the 
osmotic pressure of a protein, a part of the protein may be 
adsorbed by the membrane. If the protein be hetero- 
geneous, the process of adsorption may lead to alterations 
in the mean molecular weight. The quantities of protein 
adsorbed are influenced by the properties of the membranes, 
and it follows that the mean molecular weight observed in 
a series of measurements made with different membranes 
may show measurable variations. 


Experiments with the ultracentrifuge 


These experiments were carried out by Dr R. A. Kekwick 
at the Lister Institute of Preventive Medicine, London. 
Since the temperature rises during ultracentrifuge runs 
(mean temperature about 25°), it was necessary to choose 
conditions of pH and ionic strength such that the protein 
would remain soluble during the course of the experiment. 
The conditions chosen were: protein concentration, 
1-79% (w/v); sodium phosphate buffer (pH 7-4); ionic 
strength 0-1. The protein solution was dialysed against the 
buffer to equilibrium at +2° and the protein concentration 
adjusted by the addition of more buffer. The solutions were 
examined in a 12 mm. cell at 270000 g; interval between 
exposures, 10 min. 

Three solutions were examined: (1) a preparation of the 
primary extraction product (mean molecular weight by 
osmotic pressure, 65000); (2) an «-protein preparation 
derived from (1) by dialysis for several days with a collo- 
dion membrane of high permeability (mean molecular 
weight 81000); (3) the diffusible fraction which passed 
through the membrane during the preparation of (2). This 
had mean molecular weight 26000 and gave a light pre- 
cipitate of coacervate on heating; it could thus be regarded 
as the 8-fraction admixed with material usually considered 
as part of the «-fraction. All three solutions gave single 
peaks with closely similar sedimentation rates. 

The spread of the peaks suggested that the sedimenting 
protein was to some extent polydisperse. The single peak 
shown by the primary extraction product and the diffusible 
fraction was presumably that due to the «-protein which 
constituted about 75 % of the original preparation, the low- 
molecular 8-protein (mol.wt. 6000) being unobserved. 


Rate of release of the two protein fractions during 
mild hydrolysis of elastin powder 


Since two protein fractions with dissimilar physical 
properties are released during the extraction of purified 
elastin powder with hot dilute organic acids, the question 
arises as to whether this may be the result of structural or 
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perhaps chemical heterogeneity of the elementary elastin 
fibres comprising the tissue. If this were the case, it might 
be expected that the two components would be released at 
different rates during the process of extraction. Accord- 
ingly, the contents of «- and B-protein were estimated in 
each of the successive extracts produced on treatment of 
elastin powder with 0-25 oxalic acid at 100°. 

The extractions were carried out with 5g. of elastin 
powder using 50 ml. of 0-25 oxalic acid for each extract. 
The mixtures were in each case heated for 1 hr. and, after 
cooling, the residue of elastin was collected by centrifuging. 
The residue, without washing, was then mixed with a 
further 50 ml. of oxalic acid in readiness for the next 
extraction. The protein content of each supernatant was 
measured refractometrically and the results are recorded 
in Fig. 5. 


oO ad = = = =a 
© °} nN & oa oo 


S 
a 


Weight of protein in extract (g.) 


04 


02 





Serial number of extract 


Fig. 5. Extraction of 5 g. of elastin powder by heating with 
successive 50-ml. quantities of 0-25m oxalic acid at 
100° for lhr.; A, g. total protein dissolved in each 
extract; x, g. a-protein released; O, g. f-protein 
released. 


In order to separate the f-protein, the extracts were first 
dialysed against repeated changes of distilled water 
followed by sodium acetate buffer (pH 4-7, ionic strength 
0-01). The buffered solutions were then raised to 37° and 
centrifuged at the same temperature. The supernatant 
solutions were heated to 90° with the addition of a little 
Hyflo-Supercel and filtered hot. After cooling, the content 
of £-protein in each of the filtrates was measured refracto- 
metrically; the corresponding contents of «-protein were 
calculated by difference. The results are given in Fig. 5. 

The figure shows that the total soluble protein in the 
extracts increases exponentially as the extraction pro- 
ceeds, but the two component proteins are liberated at 
different rates. The first extract is almost wholly B-protein 
and this component also constitutes the greater part of the 
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second extract. In the third extract the proportions are 
about equal, but in subsequent extracts the «-protein is 
overwhelmingly the major component. 


DISCUSSION 


The work described in this paper has been carried 
out with a purified preparation of elastin powder 
obtained from ligamentum nuchae of cattle. This 
substance is regarded as a chemically defined 
fibrous protein; it is believed to be in a state of 
substantial purity and to represent, as such, an 
integral component of the fibres of elastin tissue. 

Yellow elastic tissue is known to contain, in 
addition to elastin, considerable amounts of 
collagen and smaller amounts of other proteins, 
mucoids and mucopolysaccharides, including chon- 
droitin sulphate. These are associated more or less 
intimately with the fibrous elements of pure 
elastin, which are themselves largely responsible 
for the characteristic physical properties of the 
tissue. 

A procedure for the isolation of the protein 
‘elastin’ must ensure complete removal of the 
other tissue components, but at the same time it 
must not result in chemical damage to the elastin 
elements. It has been shown (Partridge & Davis, 
1950) that, with many proteins, treatment with 
2% acetic acid solution at 100° for several hours 
results in the hydrolytic cleavage of peptide bonds 
at specific points in the chain. Similarly, the work 
of Courts (1954) shows that on heating a sample of 
gelatin at 75° for 24hr. at pH 3-0, free «-amino 
groups were liberated and the mean molecular 
weight of the sample fell from 58 000 to 7000. 
Boiling with dilute acetic acid as a step in the 
purification of elastin (cf. Gross, 1949; Hall, 1951) 
was avoided therefore; instead, a procedure based 
on repeated extraction with water in an autoclave 
at 120° was adopted. In order to ensure the com- 
plete removal of collagen and mucopolysaccharide, 
the dried powder produced after the first course of 
extractions was finely ground in a hammer mill 
before treating for a second time in the autoclave. 
Microscopic examination showed that this inter- 
mediate fine grinding separated the fibre bundles 
and thus exposed fresh surfaces to the action of 
boiling water. The final product, after again drying 
and grinding, consisted essentially of morpho- 
logically intact elastin fibres, which had the same 
staining properties as those to be seen in tissue 
preparations. Comparison of the analytical data 
and physical properties shows that this product is 
closely similar to the elastin preparation described 
by Stein & Miller (1938). 

The elastin preparation is not soluble in boiling 
40 % urea solution, even after 24 hr. treatment, but 
it should be noted that under these conditions urea 
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solutions develop a strongly alkaline reaction, and 
very prolonged treatment with boiling urea results 
in partial or complete dissolution (cf. Hall, 1951) 
which may be caused by alkaline hydrolysis of 
peptide bonds. 

Treatment with boiling dilute oxalic acid solu- 
tion results in complete dissolution of the fibrous 
protein and yields the mixture of two soluble 
proteins which is studied in this paper. The forma- 
tion of a mixture of proteins with markedly 
dissimilar physical properties might suggest that 
the elementary elastin fibre is a complex structure 
composed of two macromolecular elements, each 
giving rise to a different soluble protein. Sugges- 
tions such as this have already been made in 
respect of other fibrous proteins, notably keratin 
(Alexander & Gough, 1951; Pauling & Corey, 1953). 
The possible existence of a complex structure of 
this sort is rendered more plausible when account is 
taken of the results of examination of successive 
supernatant solutions produced during extraction 
of elastin powder with hot oxalic acid. In these 
experiments it is shown that the protein fraction of 
low molecular weight (the B-protein) is liberated at 
a greater rate than the high-molecular «-protein in 
the early stages of the extraction, but in the later 
stages the position is reversed and the «-protein is 
liberated more rapidly. This is the opposite of what 
would be expected if the f-protein were simply a 
degradation product of the protein of higher 
molecular weight, and the result seems to indicate 
that the elastin fibre may be structurally hetero- 
geneous. Parallel lines of evidence are not avail- 
able, owing to its amorphous appearance under the 
electron microscope, its lack of birefringence in 
the unstretched condition in plane-polarized light 
and the amorphous fibre diagrams given in X-ray 
studies. However, it should be noted that, if the 
fibre were in fact a homogeneous structure, the 
results would still be consistent were it assumed 
that large aggregates of polypeptide chains con- 
stituting the «-protein are released only after the 
fibre has been weakened at certain points by the 
removal of exposed peptide chains as smaller 
fragments. 

An alternative view is that some of the peptide 
chains composing the fibre may be different in 
chemical constitution from the remainder; in this 
case the «- and £-proteins should themselves show 
chemical differences which would be detectable by 
amino acid analysis. The paper which follows 
(Partridge & Davis, 1955) presents the chemical 
evidence bearing on these alternatives. 

The reversible precipitation of the «-protein 
which occurs on warming its solutions is of interest 
as an unusual and characteristic physical property. 
The formation of partially miscible liquid systems 
is rare with solutions of native corpuscular proteins 
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but is of frequent occurrence with gelatin sols. 
These are now generally regarded as true solutions 
in which the linear macromolecules take up the 
statistically probable form: as loose skeins of 
random kinks or coils which occlude a large amount 
of solvent. Addition of a non-solvent such as an 
aliphatic alcohol favours both intermolecular and 
intramolecular association, and if sufficient is 
added a point is reached when intermolecular 
association results in the separation of a protein- 
rich phase which remains liquid because of the 
high content of occluded solvent it still contains 
(Bungenberg de Jong, 1949). 

The behaviour of solutions of the «-protein 
differs from the gelatin system in that phase separa- 
tion is induced by a rise in temperature, although it 
may also be induced by the addition of fairly high 
concentrations of salts or ethanol. A negative 
solubility increment is quite common with aqueous 
solutions of partially miscible organic liquids, such 
as s-collidine, and has also been observed with 
protein solutions, the outstanding example being 
Bence-Jones protein (see Putnam, 1953). In the 
present work no detailed study of the process of 
phase separation has been undertaken and its 
mechanism remains obscure. However, it is 
significant that the «-protein contains an unusually 
high content of non-polar amino acid residues, 
which would be expected to decrease its solubility. 
The high solubility in cold water which is in fact 
observed may be due to a structure in which the 
non-polar parts of the molecule are free to form 
intramolecular associations, thus reducing their 
effective surface. A rise in temperature would tend 
to reduce this type of association, and by causing 
the molecule to unfold would favour the formation 
of the intermolecular bonds which ultimately lead 
to the separation of a second phase. The data in 
Fig. 1 show that the temperature of phase separa- 
tion is lowest at the isoelectric point when the 
repulsive charge on the molecule is least; as would 
be expected the pH dependence is reduced in the 
presence of low concentrations of salts owing to the 
effect of inorganic ions in reducing the coulombic 
repulsion. 





SUMMARY 


1. Elastin from ligamentum nuchae of cattle is 
transformed into a soluble protein by repeated 
extraction with 0-25M oxalic acid at 100° with the 
loss of about 5 % of the nitrogen as small peptides. 

2. The protein is soluble in distilled water or 
buffer solutions at temperatures below 25°, but on 
raising the temperature of the solution in dilute 
buffer at pH 4-6 a precipitate consisting of liquid 
droplets separates. 

3. The protein shows a single boundary peak in 
the Tiselius electrophoresis apparatus in buffers of 
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ionic strength 0-20 at all pH values in the range 
pH 2-9. 

4. At ionic strength 0-2 the pH values for the 
isoelectric point from electrophoretic mobility 
measurements and from membrane potential 
determinations are 3-9 and 4:0 respectively; at 
ionic strength 0-02 the values are 4-8 from electro- 
phoresis measurements and 4-7 from membrane 
potentials. 

5. Fractionation of the soluble protein shows it 
to consist of two components with markedly 
different physical properties; the major component 
(«-fraction) shows the characteristic property of 
reversible coacervate formation on heating and has 
a mean molecular weight of 60000-84000 in 
different preparations, while the minor component 
(B-fraction) is soluble in water at all temperatures 
and has a mean molecular weight of 5500. 

6. Further fractionation and investigation with 
the ultracentrifuge suggests that the «-protein is 
itself polydisperse. 

7. The «- and £-proteins are liberated at different 
rates during the extraction of elastin powder. 

8. The bearing of these results on the structure 
of the native fibrous protein is discussed. 


The authors wish to thank Dr R. A. Kekwick for his 
examination of the soluble proteins with the ultracentri- 
fuge. Mr H. P. Hale carried out the histological examina- 
tion of the purified elastin powder. 

The work described in this paper was carried out as part 
of the programme of the Food Investigation Organization 
of the Department of Scientific and Industrial Research. 
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In Part 2 of this series (Partridge, Davis & Adair, 
1955) the physical properties of the soluble degra- 
dation products produced by mild acid hydrolysis 
of elastin were described. It was further shown 
that when elastin from ligamentum nuchae of 
cattle was extracted with successive quantities of 
boiling dilute oxalic acid, a soluble protein of low 
molecular weight (the f-protein) was liberated 
early in the extraction; this was followed by the 
rapid dissolution of the remainder of the elastin 
with the liberation of large amounts of a soluble 
protein of high molecular weight and character- 
istic physical properties (the a-protein). This 
result could be taken to suggest that elastin is a 
heterogeneous substance composed of at least two 
elements. However, the chemical studies reported 
in this paper show that the derived fractions do not 
differ in amino acid composition. 


MATERIALS 


The preparation of the purified elastin powder and the two 
protein fractions derived from it by partial hydrolysis has 
already been described (Partridge et al. 1955). The «- and 
B-proteins were separated by repeated precipitation of the 
coacervate at 60°; osmotic-pressure determinations on the 
preparations gave a mean molecular weight of 67000 for 
the «-protein and 5500 for the £-protein. 

The «-protein had ash 003%. Analysis by combustion 


(Weiler and Strauss, Oxford) gave C, 52-9; H, 7-4; N, 
16-5%. The f-protein had ash 0-28; C, 52-4; H, 7-75; N, 
16-6 % (analyses corrected for ash). 


METHODS 


Amino acid analysis of elastin and 

é the two derived proteins 

\ frne procedure adopted for the separation and estimation of 

| the amino acids was that of Moore & Stein (1951). The two 

/ samples of elastin powder, and the standard preparations of 
a- and £-protein were hydrolysed with acid and chromato- 
graphed under identical conditions. For hydrolysis, the 
proteiitt (500 mg.) was mixed with 6N-HCl (50 ml.) and the 
mixture refluxed for 24hr. Hydrochloric acid was then 
removed by repeated evaporation in vacuo, and the syrup 
made up to 50 ml. with distilled water. Portions were then 
taken for determination of N (Kjeldahl). Equal volumes of 
the hydrolysate and sodium citrate buffer (0-1m, pH 3-42) 
were then mixed, and 1 ml. of the buffered solution was 
applied to the columns. The weight of protein equivalent to 
the amino acid mixture applied to the column was calcu- 
lated from the nitrogen content of the hydrolysate. The 
management of the columns exactly followed the pro- 
cedure given by Moore & Stein (1951). 

Arginine, lysine and histidine were estimated using the 
short (15 cm.) column of Moore & Stein. Hydroxyproline 
was estimated in separate experiments in which the 
100 cm. column was first equilibrated with a sodium 
citrate buffer of slightly lower pH (pH 3-04). The column 
was then developed with a further quantity of pH 3-04 
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buffer. This caused the hydroxyproline peak to move 
ahead of aspartic acid (Moore & Stein, 1951). The peak was 
estimated by reference to a standard curve prepared with 
a sample of authentic hydroxyproline. ; 


Analysis of N-terminal groups 


The method adopted was substantially that originated 
by Sanger (1945) in which the protein, after reaction with 
1-fluoro-2:4-dinitrobenzene (FDNB), is hydrolysed with 
acid and the resulting dinitrophenyl- (DNP-) amino acids 
are recovered by solvent extraction and separated chrom- 
atographically, ; 

Preparation of the DN P-proteins. The standard prepara- 
tion of elastin powder (dry wt., 2-13 g.) was suspended in 
20 ml. of 10% (w/v) NaHCO,. FDNB (1-5 ml.) dissolved in 
40 ml. of ethanol was then added, and the mixture was 
shaken for 2 hr. in the dark. The insoluble yellow product 
was washed, first with water and then with ethanol, 
followed by ether. The washings were collected and 
examined for DNP-amino acids; these were found to be 
absent. 

For the «- and £-proteins, which contain a greater pro- 
portion of N-terminal residues, the preparation was 
carried out on a smaller scale. Preparations (dried from 
frozen state) of known moisture and ash content were used 
in each case. The protein (100 mg.) was dissolved in 10% 
(w/v) NaHCO, (4 ml.) and FDNB (1-2 ml.) dissolved in 
ethanol (8 ml.) was added. The mixture was shaken for 
2 hr. in the dark and was then thoroughly extracted with 
ether to remove excess FDNB. The solution was finally 
neutralized with HCl, and the residual ether removed by 
evaporation. The solution was then ready for acid hydro- 
lysis. 

Hydrolysis of the DNP-proteins. In a number of pre- 
liminary experinients, pure specimens of DNP-amino acid 
were added to elastin powder and their recovery after 
different periods of hydrolysis in boiling HCl of various 
concentrations was investigated. The results led to the 
view that a short period of hydrolysis in concentrated acid 
solution would be favourable. Accordingly, the recovery of 
the DNP-amino acids from dinitrophenylated elastin and 
B-protein was investigated after refluxing for various 
lengths of time with 5-7N-HCl. With hydrolysis periods of 
4 hr. or less, the presence of DNP-peptides in the reaction 
mixture was sometimes observed. 

The best results were obtained by hydrolysing with 
11-4N-HCl for 2 hr. under gentle reflux. The concentration 
of the acid diminished during the period and approached 
equilibrium after 2 hr., but recoveries of most amino acids 
were similar to those obtained after 8 hr. reflux with 
5-7N-HCl. However, the e-DNP-lysine and DNP-glycine 
recoveries were higher when using the shorter hydrolysis in 
more concentrated acid and this procedure was adopted for 
the final analyses. 

After hydrolysis the reaction mixture was cooled, 
transferred to a separating funnel (with the washings) and 
extracted at least five times with 3 vol. of ether. The 
combined extracts were then evaporated on the vacuum 
pump. The residue of DNP-amino acids was then made up 
with a small volume of solvent in readiness for chromato- 
graphic analysis. 

The aqueous phase from the ether extraction contained 
the mono-DNP derivatives of the dibasic amino acids, 
including «-DNP lysine. The solution was reduced to dry- 
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ness by allowing it to stand in the dark in a vacuum 
desiccator over P,O, and NaOH. The residue was then 
extracted with several (10-15) 10-ml. portions of a water- 
saturated mixture of methyl ethyl ketone (2 vol.) and ether 
(1 vol.). The combined extracts were then evaporated, 
leaving a residue suitable for chromatographic separation. 
Chromatographic separation of the DN P-amino acids. The 
method adopted followed closely the procedure of Perrone 
(1951) who replaced the silica-gel columns of Sanger (1945) 
with a buffered system using Celite 545 (Johns-Manville 
Co., London) to support the stationary phase. In our 
experience results with such columns were more repro- 
ducible than those obtained by use of silica gel, and the 
separations were less disturbed by adsorption effects. If 
the columns were shielded from direct light the recovery of 
DNP-amino acids was substantially quantitative. 


Colorimetric determinations 


The fractions from the columns containing the DNP- 
amino acids in pure solution were evaporated to dryness, 
dissolved in 1% NaHCO, and made up to 25 ml. In the 
case of e-DNP-lysine the residue was dissolved in n-HCl 
and made up to 50 ml. The optical densities of the solutions 
were then measured with the Hilger Uvispek spectrophoto- 
meter at 361 mp. The optical densities were related to ° 
concentrations by calibration curves obtained for re- 
crystallized preparations of the DNP-amino acids. The- 
results so obtained were corrected for losses during hydro- 
lysis by reference to recovery curves previously obtained 
by refluxing the pure DNP-amino acids for various times 
with 11-4n-HCl. (Correction factors: for DNP-alanine, 
DNP-valine, DNP-leucine, 1-05; for DNP-glycine, 1-25.) 


EXPERIMENTAL AND RESULTS 


Since purified elastin powder on partial hydrolysis is 
almost quantitatively converted into two protein fractions 
with different physical properties, an amino acid analysis 
carried out on the derived proteins should provide a good 
test of the chemical homogeneity of the starting material. 
It seemed possible that the prolonged treatment of the 
fresh tissue by heating in an autoclave at 120° may itself 
have produced some change in the amino acid composition 
of the protein, and for this reason two samples of elastin 
powder were analysed. One of these was the standard 
preparation (preparation 1 in Table 1; N (Kjeldahl), 
16-8%) which had been given five courses of treatment in 
the autoclave (Partridge et al. 1955), while the second pre- 
paration (preparation 2; N (Kjeldahl), 16-99%) had been 
autoclaved three times only. The results of the amino acid 
analysis are given in Table 1 and show that the amino acid 
compositions of the two samples of elastin and the «- and 
B-protein fractions derived from it are closely similar. 
Estimation of cystine. Cystine in made-up mixtures can 
be estimated with a recovery of about 96% by the method 
of Moore & Stein but with proteins of small cystine content 
considerable losses occur during hydrolysis. Recoveries of 
cystine from the hydrolysis product of elastin yielded 
values in the range 0-05-0-1%. Since the sulphur content 
of ‘elastin suggested that the true value was higher than 
this, an attempt was made to avoid losses of cystine during 
hydrolysis by first converting the cystine—cysteine residues 
of the whole protein into cySteic acid by oxidation with 
performic acid. Cysteic acid itself appears to be stable 
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under the conditions of hydrolysis used, and since this acid 
is readily separated on the short (15 cm.) column of Moore 
& Stein, it was felt that the procedure would offer an 
accurate and convenient method for estimating cystine— 
cysteine in the proteins. 

The method of oxidation was that of Toennies & 
Homiller (1942) as modified by Sanger (1949a). Toennies & 
Homiller found that with short periods of treatment with 
performic acid (up to 1 hr. at room temp.) cystine con- 
sumes the theoretical 5 atoms of oxygen, but that, after 
2 hr., a more general oxidation of a number of amino acids 
takes place. It is thus desirable to use a time of oxidation 
which is near the minimum to oxidize the cystine com- 
pletely. Two-dimensional paper chromatograms carried out 
on oxidized and unoxidized elastin showed that the period 
required was about 15 min., i.e. it was about the same as for 
insulin (Sanger, 1949a). Accordingly, 0-25 g. of the stan- 
dard preparation of elastin powder was mixed with 9 ml. 
formic acid, and 1 ml. 30% (w/w) H,O, was added. The 
mixture was stirred gently for 15 min. at room temp. It 
was then diluted with an equal volume of water and 
dialysed against repeated changes of distilled water at 0° 
to remove formic acid. HCl was then added to the sus- 
pension of oxidized protein to a concentration of 6N and the 
mixture hydrolysed as already described for elastin powder. 
The experiments with the «-protein were carried out in a 

_similar way; in this case the protein was soluble in formic 
acid but was recovered after the reaction by dialysis in the 
same way as for elastin powder. 

Samples of hydrolysates of the oxidized proteins, after 
removal of HCl, were mixed with an equal volume of 
pH 3-4 buffer and were introduced on to the 15cm. 
column described by Moore & Stein (1951). This had 
previously been equilibrated with 0-1m sodium citrate 
buffer of pH 3-42; the chromatogram was developed with 
the same buffer, the jacket temperature being held at 37°. 
The effluent solution was collected in fractions of 1 ml. 
A narrow peak consisting of cysteic acid in pure solution 
appeared between the third and tenth fractions. The 
quantitative estimation of cysteic acid in the peak was 
carried out by the photometric ninhydrin method by 
reference to a calibration curve determined with pure 
eysteic acid. The results are given in Table 1. 

Since this work was completed a similar method for the 
determination of cystine as cysteic acid has been published 
by Schram, Moore & Bigwood (1954). 

Estimation of glucosamine and galactosamine. Analysis of 
elastin powder for hexosamine by the method of Elson & 
Morgan (1933) gave a colour equivalent to 0-25% on the 
protein dry weight (glucosamine standard) but since the 
reliability of the colorimetric method is in doubt when 
applied to mixtures containing large amounts of certain 
proteins, an alternative procedure for estimating hexos- 
amine was adopted. 

It has been shown by Moore & Stein (1951) that glucos- 
amine gives a symmetrical elution peak which appears 
between leucine and tyrosine during standard development 
of the 100cm. column. Glucosamine in the peak was 
estimated by making use of the photometric ninhydrin 
procedure as for amino acids. In the present work, 
authentic glucosamine hydrochloride was added to the 
products of hydrolysis of a sample of gelatin in an amount 
representing about 1% of hexosamine calculated on the 
protein dry weight. The mixture was then applied to the 
100 cm. column of Moore & Stein and the chromatogram 
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developed in the usual way. Each alternate fraction of the 
effluent was analysed for hexosamine by the method of 
Elson & Morgan, and the remainder were analysed by the 
ninhydrin reaction. Glucosamine appeared as a single 
fairly symmetrical peak between (and partly covering) the 
peaks due to isoleucine and leucine, and integration of the 
hexosamine peak showed that recovery was quantitative. 
The experiment was then repeated by mixing a sample of 
authentic galactosamine with the protein hydrolysate. 
Again a single peak was obtained, this time appearing 
immediately after phenylalanine. Finally a mixture of 
glucosamine and galactosamine was added to the protein 
hydrolysate and analysis of the resulting chromatogram 
showed two separate peaks in the same positions as before. 

Analysis of the hydrolysed elastin powder by the same 
method showed the presence of two very small peaks giving 
the colour reaction with p-dimethylaminobenzaldehyde 
and occupying the positions of glucosamine and galactos- 
amine, but in each case the amount present was less than 
0-05 % of the dry weight of protein taken. Several other 
very small peaks reacting with the Elson & Morgan re- 
agents were also found, and in addition to these a larger 
peak was observed, falling between lysine and arginine on 
the 15cm. column used for the separation of the basic 
amino acids. This peak gave no colour with ninhydrin but 
gave a colour with the Ehrlich reagent that only reached 
full intensity after 12 hr. standing at room temp. The 
result was checked by carrying out a displacement chro- 
matogram on hydrolysed elastin following the method 
described by Partridge (1949). The fractions representing 
the hexosamine band were mixed and the whole solution 
estimated by the Elson & Morgan colorimetric procedure. 
The result again indicated about 0-09 % total hexosamine. 

It is clear therefore that the high result (0-25% total 
hexosamine) obtained by application of the colorimetric 
procedure directly to the products of hydrolysis was due to 
the prior existence, or production during hydrolysis, of 
other substances giving a positive Elson & Morgan re- 
action. Since this work was completed an excellent: pro- 
cedure for the separation of glucosamine and galactosamine 
has been published by Gardell (1953) in which the two 
hexosamines.are eluted as separate peaks from a column of 
the cation-exchange resin Dowex-50 by means of 0-3n-HCI. 

The analyses of the two preparations of elastin powder 
and the «- and f-proteins show little variation among them- 
selves (Table 1), and on the whole accord well with the 
analyses of Newman (1949) and of Graham, Waitkoff & Hier 
(1949), which were based on microbiological methods. It 
may be noted that the «-protein appears to be lower in 
glycine, isoleucine and valine than the elastin powder, and 
the f-protein higher in glycine and valine. The results 
quoted in Table 1 for the «- and §-proteins are the average 
of duplicate experiments in which the internal agreement 
was good, and it is thought probable that the small varia- 
tions in amino acid composition are real. However, such 
variations are to be expected in view of the fact that during 
the preparation of the soluble primary extraction product 
some 5% of the parent protein is lost as a fraction con- 
sisting of diffusible peptides. The amino acid composition of 
this peptide fraction is unlikely to be the same as that of the 
parent protein because of the marked variations in the 
rates of hydrolysis for different peptide bonds. All the 
results for proline determined during the present work are 
lower than those given by Newman, but closer to the value 
(15-6 %) given by Graham et al., and it is thought that the 
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microbiological determination with Leuconostoc mesenter- 
oides used by Newman may be in error in giving high 
results. 

A careful analysis of the sulphur distribution in elastin 
was made by Stein & Miller (1938). These authors found the 
total S content of a carefully purified elastin powder to be 
0-16 %; methionine S was 0-08 % (volatile iodide method), 
cystine S, 9-06 % (photometric Folin method) and sulphates, 
0-02 %. These figures correspond to methionine 0-38 % and 
cystine 0-23%. In the present work, the methionine after 
hydrolysis is shown to be less than 0-05% (in agreement 
with Newman, 1949) while the cystine is higher than the 
earlier indications at 0-35-0-40 %. 
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obtained by partial hydrolysis of elastin powder with 
oxalic acid. The material thus contained both «- and p- 
proteins. 

Solutions of the protein (approx. 0-5%, w/v) were made 
up in 0-1N-HCl and 0-1N-NaOH and the protein content 
was determined by estimation of N (Kjeldahl). For 
measurement of u.v. absorption, the solutions were 
diluted 1:10 with 0-1N-HCl or 0-1N-NaOH. Measurements 
were made using the Hilger Uvispek spectrophotometer. 
The spectral absorption curves, after correction to protein 
concentration 0-5 mg./ml., are shown in Fig. 1. 

It is usually assumed that absorption shown by proteins 
between wavelengths 2700 and 31504 is due to tyrosine 


Table 1. Amino acid analysis of elastin and the derived «- and B-proteins 


g. amino acid/100 g. protein dry wt. 


Elastin, 

prep. 1 
Glycine 2 
Alanine 
Leucine 
Isoleucine 
Valine 
Serine 
Threonine 
Proline 
Phenylalanine 
Tyrosine 
Methionine 
Histidine 
Arginine 
Lysine 
Aspartic acid 
Glutamic acid 
Hydroxyproline 
Cystine 
Glucosamine 
Galactosamine 
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Taking into account the loss of amide nitrogen, esti- 
mated at 0-04 g. N/100 g. protein by Stein & Miller (1938), 
the nitrogen recoveries during the analysis were 91-95%. 
The values quoted in Table 1 are not corrected for the 
known losses of serine and threonine during hydrolysis 
(Rees, 1946) but it still remains possible that elastin con- 
tains some 5% of a nitrogenous substance which has not 
been detected during the analysis. This is important since, 
as will be indicated later, there is reason to suppose that 
peptide chains in elastin are bound together by some form 
of cross-linkage involving covalent bonds, and the presence 
of such a N-containing compound might provide a clue to 
the nature of the linkages involved. 


Ultraviolet absorption spectra 


The preparation of a soluble form of elastin renders 
possible the examination of the u.v. absorption spectrum 
of the protein by the methods normally in use for soluble 
proteins. The measurements were made using a freeze- 
dried preparation of the primary extraction product 
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prep. 2 
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. 
Present work 
Newman 
(1949) 
Elastin 
29-9 
18-9 
8-7 
4-0 
17-4 
0-82 
0-96 
18-0* 
5-0 
1-6 
0-06 
0-07 
0-89 
0-39 
0-63 


«-Protein 
23-2 
24-5 

8-3 
3-0 
15-5 
0-89 
1-13 


B-Protein 
29-0 
20-8 

8-1 
3-8 
20-6 
0-85 
0-98 
13-8 
4-6 
1-1 
Trace 
0-05 
0-93 
0-48 
1-0 
2-1 


or) 


4* 
5 


Logan (1950). 


and tryptophan only. The absorption of tryptophan at 
28004 is not much affected by change in pH but the peak 
absorption of tyrosine in acid solution at 27504 is shifted 
to 29404 when the solvent is changed to 0-1Nn-NaOH, the 
effect being due to ionization of the phenolic hydroxyl. As 
shown by Holiday (1936), the acid and alkaline curves may 
be used as a basis for the estimation of the tyrosine and 
tryptophan content of proteins, but in the case of elastin 
and its degradation products the analysis is complicated 
by the presence of traces of a yellow pigment. This appears 
to be firmly bound to the protein since it is not removed by 
the action of solvents or the various purification procedures 
applied to the soluble products. 

Correction for the yellow pigment was applied by extra- 
polating back the straight-line section of the curve above 
33004, on the assumption that absorption in this range 
was due to the pigment. From the corrected measurements 
at 2944 and 28004, using the equations of Goodwin & 
Morton (1946), the calculated tyrosine content was 1-:1% 
and the value for ‘tryptophan’ 3-2 %. The tyrosine figure is 
in fair agreement with the values given in Table 1, but 
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chemical analyses of elastin (Stein & Miller, 1938) and micro- 
biological estimation (Newman, 1949) have shown trypto- 
phan to be absent. It thus appears that the absorption 
peak at ca. 27504, which is unchanged on making the 
solution alkaline, is due to a chromophore other than 
tryptophan, and this has not been detected during the 
analysis reported in Table 1. Since the yellow colour of 
native elastin has been associated with porphyrin pigments 
(With, 1947), it is tempting to suggest that the absorption 
at 27504 may be due to the presence of a structure con- 
taining the pyrrole nucleus. However, it is interesting that 
Anslow (1945) attributed absorption at ca. 28004 to the 
peptide fabric in certain proteins and suggested that the 
absorption may arise as a result of structures of the 
‘eyclol’ type proposed by Wrinch (1937). 


20 
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Fig. 1. Ultraviolet absorption of primary extraction 
product from elastin corrected to protein concentration 
0-5 mg./ml.: I, spectrum in 0-1 n-NaOH; II, spectrum in 
0-1n-HCl. 


Since the tyrosine content calculated from the shift in the 
spectral curve in alkaline solution is in agreement with 
tyrosine determined chemically, it follows that the phenolic 


groups of tyrosine are available for ionization, and thus are ~ 


not involved in inter-chain cross-links (cf. Crammer & 
Neuberger, 1943). As reported later, this result has been 
confirmed by the isolation of O-DNP-tyrosine from the 
products of reaction of elastin with FDNB. 


Analysis of N-terminal groups 


In Table 2 the results are expressed for each protein as 
the number of N-terminal residues in the protein molecule 
assuming its molecular weight to be 100000 in each case. 
The results given are the mean of two or three determina- 
tions for each protein. The small number of N-terminal 
residues in the elastin preparation is probably not signifi- 
cant since they may be due to traces of collagen breakdown 
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products remaining in the elastin preparation after removal 
of collagen by autoclaving. The result can be taken to mean 
either that the peptide chains in elastin are very long, or 
alternatively that the absence of N-terminal residues is due 
to cyclization. Both the «- and f-protein contain much 
larger amounts of N-terminal residues than the native 
elastin, showing hydrolytic cleavage of the peptide chains 
during the process of extraction from elastin powder. 





Table 2. Number of moles of N-terminal residues 
im 100000 g. protein 


: Elastin a-Protein -Protein 
Leucine | Trace 2-6 2-9 
Isoleucine 
Valine Trace 4-0 6-6 
Alanine 0-08 8-6 11-0 
Glycine 0-12 8-8 12-0 
Serine 0-05 Nil Nil 
Aspartic acid 0-04 0-4 Trace 

Total 0-29 24-4 32-5 


The N-terminal amino acids found in greatest amount in 
the B-protein are the same as those in the «-protein and the 
relative quantities are similar. With the exception of 
proline, they correspond to the amino acids which are 
present in greatest amount in the native protein (Table 1). 
Extensive destruction of DNP-proline is invariably ob- 
served during the hydrolysis of DNP-proteins. However, 
Porter & Sanger (1948) showed that complete destruction 
could be avoided by employing 12N-HCl at 105°, and 
Bowes & Moss (1953) recovered 20% of DNP-proline using 
12n-HCl for 16 hr. in the presence of gelatin. In the 
present work no DNP-proline was detected after hydrolys- 
ing the DNP derivatives of the «- and f-proteins under 
these conditions for periods as short as 2 hr. and it is 
concluded that proline is absent as an N-terminal residue. 

Recovery of «-DNP-lysine. Assuming the lysine content 
of the three proteins to be 0-5 g./100 g., the recoveries of 
lysine as the e-DNP derivative represented 65% of that 
originally present in the native protein. For the «- and f- 
proteins the recoveries were 60 and 65% respectively. 
Experiments in which untreated elastin powder was 
hydrolysed under the same conditions in the presence of 
added «-DNP-lysine gave recoveries as low as 60-70% in 
different experiments. It therefore seems probable that in 
all three proteins the whole, or almost the whole, of the 
e-amino residues of lysine are available for reaction with 
FDNB. 

Recovery of O-DNP tyrosine. In view of the possibility of 
the presence of cross-links involving the phenolic hydroxyl 
groups of tyrosine it was of interest to ascertain if these 
groups are available for reaction with FDNB. It has been 
shown (Crammer & Neuberger, 1943) that with some pro- 
teins the phenolic hydroxyl groups of tyrosine are involved 
in hydrogen-bond formation; these authors compared the 
u.v. spectra at different time intervals and showed that 
several hours treatment with 0-1N-NaOH at room temper- 
ature is required to complete the dissociation of hydroxyl 
hydrogen. Accordingly in the present work the elastin 
powder preparation was treated with dilute NaOH before 
carrying out the reaction with FDNB. 

Elastin powder (1-93 g., ash and moisture free) was 
allowed to stand for 2 hr. with 0-1N-NaOH (25 ml.). The 
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suspension was then centrifuged and washed with distilled 
water. Treatment with FDNB and hydrolysis with 11-4n- 
HCl followed the procedure given above. The hydrolysate 
was extracted thoroughly with ether and the ether- 
soluble components were set aside; the aqueous solution was 
evaporated to dryness in vacuo and extracted with a water- 
saturated mixture of methyl ethyl ketone (2 vol.) and ether 
(1 vol.) (180 ml.). A sample (10 ml.) of the methyl ethyl 
ketone extract was then evaporated to dryness and made up 
to a known volume with n-HCl. Measurement of the O- 
DNP-tyrosine content of this solution by the u.v. spectro- 
graphic method of Sanger (19496) showed that 1-32 g. 
tyrosine/100 g. dry proteins had been recovered as the 
O-DNP derivative. Since the tyrosine content of the 
elastin powder preparation was 1-35 % as determined by the 
method of Moore & Stein (1951) the result indicates that 
substantially the whole of the tyrosine is available for 
reaction with FDNB. However, the spectrographic pro- 
cedure is open to the objection that unknown substances 
with absorption in the ultraviolet may be present in the 
mixture, and for this reason the analysis was repeated 
using a paper-chromatographic method for the separation 
of O-DNP-tyrosine from other components of the methyl 
ethyl ketone extract. 

A sample of the methyl ethyl ketone extract (20 ml.) was 
percolated through a column of Celite 545 (5x2 cm.) 
buffered with phosphate at pH 4 (Perrone, 1951) and the 
chromatogram developed with a further quantity of the 
same solvent. The bands due to O-DNP-tyrosine and e- 
DNP-lysine separated only partially and were collected 
together. The combined solutions were evaporated to dryness 
and the residue was taken up in 1 ml. of methanol-HCl 
(25 ml. of methanol + 5ml. of n-HCl). Samples (7-8 yl.) were 
placed in a series of spots on the base line of a sheet of 
Whatman no. | filter paper and the chromatogram de- 
veloped with n-butanol-acetic acid—water (4:1:5 by vol.). 
The band due to O-DNP-tyrosine was located by spraying 
narrow strips cut from the sides of the paper with nin- 
hydrin. Separation from e-DNP-lysine was substantially 
complete, and a transverse strip carrying the spots due to 
O-DNP-tyrosine was cut from the paper and eluted with 
n-HCl. The eluate was made up to known volume with 
n-HCl and the O-DNP-tyrosine was estimated at 300 mz., 
using the Hilger Uvispek spectrophotometer. 

The content of O-DNP-tyrosine found was equivalent to 
1-16g. of tyrosine/100'g. of dry protein. Since losses during 
the isolation procedure would be expected to be high, this 
figure confirms the result given above (1-32 g./100 g.) 
obtained by direct measurement of O-DNP-tyrosine in the 
presence of e-DNP-lysine and suggests that substantially 
the whole of the tyrosine hydroxy] residues in the protein 
are unsubstituted and available for reaction with FDNB at 
pH 8. 


Enzymic dissolution of elastin 


Balo & Banga (1950) showed that pancreatic extract 
contains an enzyme which dissolves the elastic fibres of 
aorta wall and leaves native collagen unchanged. The 
enzyme, which they call ‘elastase’, was shown to differ 
from trypsin, pure specimens of which have little effect on 
elastin. Since these authors could not detect the liberation 
of free amino acids during the dissolution of elastin by the 
enzyme, they concluded that its action was not proteolytic. 
Banga (1951) showed that during the action of the enzyme 
there is no increase in amino nitrogen as measured in the 
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Van Slyke apparatus, and offered this as confirmatory 
evidence that solution is not due to hydrolytic cleavage of 
peptide links. In the view of Banga, elastin fibrils are 
built up from chains of globular protein molecules, and the 
effect of elastase is to break down the forces holding the 
globular molecules together, thus producing a soluble 
protein. 

Since the measurement of amino N by the method of 
Van Slyke could not be expected to show the rupture of 
small numbers of peptide bonds, it was considered desirable 
to study the products of the enzymic reaction using the 
FDNB technique of Sanger. 

Preparation of the enzyme. Two preparations of the 
enzyme were used in these experiments. Preparation A, 
which was kindly supplied by Professor I. Banga, was the 
highly purified fraction FP prepared from ox pancreas 
(Banga, 1952). Preparation B was a fraction of lower 
purity prepared in this laboratory following Banga’s pro- 
cedure. The enzymic activity of preparation B was 12 
‘elastase units’ (EU)/mg. as measured by the procedure of 
Banga (1952). The activity of preparation A was given as 
22 EU/mg. 

Proteolytic activity of the elastase preparations. The pro- 
teolytic activity of the two preparations of elastase was 
compared with that of crystalline trypsin (Armour and Co.) 
using a modification (Snoke & Neurath, 1950) of the method 
of Anson (1938). Expressed in terms of the amount of 
trichloroacetic acid-soluble tyrosine liberated from a 
standard preparation of urea-denatured haemoglobin in 
30 min. at pH 8-67, the activity of the two elastase pre- 
parations was identical, and was higher than that of the 
preparation of crystalline trypsin. When relatively large 
amounts of the three enzymes were incubated with 
haemoglobin (10 mg. enzyme to 100 mg. haemoglobin) the 
activity of the two preparations of elastase was 1-8 times 
that of the crystalline trypsin. 

Action of the enzymes on elastin from ligamentum nuchae. 
Routine estimations of the elastase activity of various © 
enzyme preparations were carried out with elastin powder 
prepared from aorta of cattle as described by Banga (1952). 
Since this material may not be identical in properties with 
the elastin powder from ligamentum nuchae studied in the 
present work, the action of elastase on the latter was 
investigated. 

Elastin powder (40 mg.; standard preparation from 
ligamentum nuchae) was mixed with 2 ml. of 0-1m sodium 
carbonate-HCl buffer (pH 8-9) and 3 ml. of a solution 
(0-1%, w/v) of elastase were added. The mixture was 
incubated at 37° with gentle shaking. Solution was 
complete in 2 hr. with elastase preparation A and 2-5-3 hr. 
with preparation B. During the reaction the pH of the 
solution fell to 8-0. 

It was found that in quantitative estimations of the 
enzyme activity of preparations of elastase following the 
method of Banga, elastin powder from aorta could be 
replaced by powder of similar particle size from ligamentum 
nuchae without affecting the result. 

The action of trypsin was investigated as follows: 
elastin powder from ligamentum nuchae (0-5 g.) was mixed 
with 50 ml. of an aqueous solution containing 0-05 g. of 
crystalline trypsin (Armour and Co.) and 50 ml. of 0-1m 
sodium carbonate—-HCl buffer (pH 8-4). The mixture was 
incubated at 37° for 18 hr. under toluene. The elastin 
powder did not dissolve and was recovered quantitatively 
by centrifuging, dehydration with ethanol and drying. In 
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order to investigate if there had been any alteration in the 
stability of the elastin fibres, a portion of the trypsin- 
treated elastin was refluxed for 6 hr. in 1% (v/v) acetic acid 
solution. The fibres appeared unchanged and the elastin 
was recovered quantitatively after the experiment. A 
second sample was used to determine the course of hydro- 
lysis in 0-25M oxalic acid. The curve relating the quantity 
of elastin dissolved to the time of hydrolysis was the same 
as for the untreated elastin preparation (Adair, Davis & 
Partridge, 1951). 

Action of elastase and trypsin on the «-protein. The action 
of elastase (preparation A, 22 EU/mg.) and trypsin 
(Armour and Co., crystallized trypsin, containing 50%, 
w/w, MgSO,) on the «-protein was compared under 
identical conditions. 

The enzyme solution (10 mg. enzyme dissolved in 1 ml. 
0:04m-NaHCO,-Na,CO, buffer of pH 8-7) was diluted 
serially by taking 0-5 ml. of each successive solution and 
diluting with 0-5 ml. of buffer. The final dilution was 
1:64. Portions (0-1 ml.) of each of these dilutions were then 
added to a series of tubes, each containing 0-9 ml. of the 
carbonate buffer and 1 ml. of an aqueous solution (1-26%, 
w/v) of the «-protein. The tubes were then incubated at 
37° for 1 hr. After cooling they were titrated to pH 4-5 by 
addition of three drops 0-5N acetic acid to each tube. 

The ‘coacervation temperature’ (Partridge et al. 1955) of 
the «-protein in each tube was then estimated by the pro- 
cedure already given. None of the mixtures containing 
elastase gave any precipitate of «-protein on raising the 
temperature, and thus it was concluded that the «-protein 
had been degraded by the action of elastase. In the case of 
the experiments with trypsin, coacervate separated in all 
the tubes on raising the temperature to 25-30°, but in 
tubes 1 and 2 (containing 0-05 and 0-025% trypsin 
respectively) the precipitates were lighter than the controls. 
From these results it was concluded that the sample of 
trypsin was substantially without effect on the «-protein, 
although a few bonds may be split. This was perhaps to 
be expecied since the action of pure trypsin is said to be 
specific for those bonds in which the carboxyl groups of 
arginine and lysine are involved (Bergmann & Fruton, 
1941; Sanger & Tuppy, 1951) and the content of these 
amino acids in the protein is low. 

Liberation of N-terminal residue by the action of elastase. 
Elastin powder from ligamentum nuchae (0-675 g., dry wt. 
of ash-free protein) was suspended in 36 ml. 0-2m-Na,CO,— 
acetic acid buffer (pH 8-6) and 72 ml. distilled water. To 
this, 9-4 mg. elastase (12 EU/mg.) in 2 ml. buffer was 
added. The suspension was gently shaken in the presence of 
toluene at 37° for 42 hr., by which time the whole of the 
elastin had dissolved leaving a clear pale-yellow solution. 
The solution was evaporated to 15 ml., ethanol (30 ml.) and 
NaHCO, (0-5 g.) were added and the mixture was treated 
with FDNB (2 ml.) by shaking for 2 hr. in the dark. The 
mixture was then extracted with ether to remove excess 
FDNB and the residue acidified and evaporated to dryness. 
The dry residue was hydrolysed with HCl and liberated 
DNP-amino acids were identified and estimated by the 
procedures already given. The results are shown in Table 3. 

As in the case of the «- and -proteins, no DNP-proline 
was found. The distribution of N-terminal residues was 
rather similar in both cases (cf. Table 2), but there was 
relatively less valine and more aspartic and glutamic acid 
end-groups in the product of enzyme hydrolysis. The most 
striking feature of the result was that the elastase-treated 
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product contained roughly four times the number of N- 
terminal residues found in the same weight of «- or p- 
protein. This shows that rupture of the peptide chains 
proceeds further in the enzyme reaction than with con- 
trolled hydrolysis by 0-25n oxalic acid. The estimate of 
N-terminal residues liberated by the enzyme is subject to 
an error due to the possibility of autohydrolysis of the 
enzyme itself, but since only 9-4 mg. of enzyme was used 
for hydrolysis of 675 mg. of elastin, the error could not 
account for more than 10-15 N-terminal residues in 
100000 g. of protein. 


Table 3. Release of N-terminal residues 
from elastin by elastase 


Moles N-terminal 


residue in 
100000 g. protein 
Glycine 55-9 
Alanine 42-5 
Valine 4-1 
Leucine + isoleucine 13-4 
Aspartic acid 2:9 
Glutamic acid 3-1 
Total 121-9 
DISCUSSION 


In the preceding paper (Partridge et al. 1955) three 
possible views of the macromolecular structure of 
the protein comprising the elementary elastin 
fibre were outlined. 

(1) The protein is composed of two components 
of differing chemical composition. 

(2) The protein is composed of two components 
which consist basically of the same kind of poly- 
peptide chain, but differ as a result of differences 
in structural configuration. 

(3) The protein is homogeneous, and the pro- 
duction of two degradation products of different 
molecular weight is due to the loosening of a net- 
work by removal of parts of it as low-molecular 
material. 

A clear decision on hypothesis (1) has been 
obtained by determining the amino acid composi- 
tion of the original elastin powder, the «-protein 
and the £-protein. The results given in Table 1 
show that the amino acid composition of the three 
proteins is substantially the same, and thus it 
appears that elastin powder as prepared in this 
work may be regarded as essentially homogeneous 
for the purpose of purely chemical investigations. 

As regards the molecular structure of the two 
soluble degradation products, previous work has 
shown that a considerable degree of hydrolysis of 
peptide links occurs during the extraction with 
0-25m oxalic acid. The hydrolytic procedure 
releases aspartic and possibly glutamic acid in a 
free state, and at the same time cleaves the protein 
chains at other positions where labile peptide 
linkages are to be found (Adair et al. 1951). 
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Titration curves carried out on elastin and the 
«- and £-proteins by Bendall (1955, fig. 1) show the 
presence of many «-carboxyl and «-amino groups in 
both the soluble proteins. From the curves the a- 
and £-proteins contain 26 «-amino equivalents and 
31 a-amino equivalents in 100 000g. of protein 
respectively. 

This result accords rather well with the informa- 
tion obtained by application of the FDNB tech- 
nique of Sanger (1945) which is reported in Table 2. 
The number of N-terminal amino acid residues 
found in 100000 g. of protein for elastin, «-protein 
and £-protein was 0-29, 24-4 and 32-5 respectively. 

It is significant that the a-protein (mol.wt. 
67000) and the £-protein (mol.wt. 5500) contain 
not very different proportions of N-terminal 
residues, in spite of the very great difference in 
their molecular weights as determined osmotically 
(Partridge et al. 1955). This probably means that 
they both consist of polypeptide chains of roughly 
equal length, and the larger protein molecules 
must be built up by the binding together of a number 
of such unit polypeptide chains. 

The relationship between chain length and 
molecular weight is brought out in Table 4. The 
data in this table shows that the 8-protein consists 
of molecules composed, on the average, of 2 chains 
each containing about 27 residues, the N-terminal 





Table 4. Moles of N-terminal residues in amounts 
of elastin derivatives corresponding to the mean 
molecular weight determined osmotically 


a-Protein -Protein 

(67000 g.) (5500 g.) 
From titration curve* 17-4 1-72 
From FDNB determination 16-2 1-84 


* Bendall (1955). 


groups of which are variable. The «-protein has, 
as a mean value, 17 such chains containing, on an 
average, 35 residues each, the N-terminal residues 
being glycine, alanine, valine and leucine with a 
small proportion of aspartic acid. 

As yet there is little indication as to the nature 
of the cross-links which hold the chains together. 
Since the «-protein is derived from native elastin 
by a process involving rupture of the peptide 
chains, it seems probable that the cross-links in the 
soluble protein are the same as those existing in the 
natural fibrous protein. In this case the cross-links 
must be rather stable to acid hydrolysis, and the 
a-protein may then represent a ‘resistant core’ 
derived from the more highly cross-linked sections 
of the elastin fibril. 

The rubber-like elasticity of the hydrated 
elastin fibril suggests that it is a disordered structure 
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composed of bundles of randomly contorted 
peptide chains lying generally parallel to the fibre 
axis. For the greater part of their length the 
peptide chains must be free to take up independent 
thermal motion; but to account for the insolu- 
bility and the swelling properties of the fibre, the 
presence of cross-links at rather wide intervals 
must be assumed. 

It is possible that such cross-links could be 
established by the presence of crystalline regions 
containing polar groups in close apposition, but 
there appears to be little evidence for such a 
structure from published X-ray diffraction studies, 
However, since elastin, unlike collagen, is resistant 
to the action of prolonged autoclaving, and shows 
no tendency to dissolve either in hydrogen bond- 
breaking solvents such as neutral urea solution or 
in organic solvents such as phenol or cresol, it 
seems more probable that primary covalency is 
involved in the relatively small number of cross- 
links present. 

The only type of covalent cross-link that has so 
far been proved to exist in proteins is the —S—S— 
bridge present in cystine residues. In elastin, 
however, cystine represents not more than 0-4% 
of the protein dry weight, and this content would 
not provide sufficient cross-links to account for the 
stability of the structure. In order to ascertain if 
cystine bridges are an important factor in stabiliz- 
ing the protein, elastin powder was treated with 
performic acid under conditions which ensured the 
conversion of the whole of the cystine half- 
residues into cysteic acid, thus breaking all 
—S—S— bridges. The oxidized protein remained 
insoluble after prolonged autoclaving, and was also 
insoluble in neutral 40% (w/v) aqueous urea and 
90 % (w/v) aqueous phenol both at room temper- 
ature and 100°. It thus appears that —S—S— 
bridges have little effect on the solubility pro- 
perties of the protein, and other stable cross-links 
must be present. 

Cross-linking at the e-amino groups of lysine or 
the phenolic hydroxy] groups of tyrosine appears to 
be ruled out since it is shown that these groups are 
available for reaction with FDNB. The amino acid 
analysis of elastin and the «- and £-proteins shows 
them to have a remarkably low content of polar 
side chains. Aspartic and glutamic acids together 
account for 3-5% of the dry protein; serine and 
threonine account for 2% and hydroxyproline 
16%. It is possible that ester links formed 
between the hydroxyamino acids and such of the 
dicarboxylic amino acid residues as are not com- 
bined with ammonia may account for the stability 
of the structure, but no evidence for the presence of 
such bonds has as yet been obtained. However, it 
should not be forgotten that since only approxi- 
mately 95% of the protein dry weight has been 
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accounted for by amino acid analysis, an unidenti- 
fied substance may be involved in cross-bond 
formation. 

A further possibility remains that the peptide 
fabric itself is involved either in some form of 
covalent cross-linking or, more probably, in 
aggregation at the molecular level by the inter- 
twining or interpenetration of helical chains at 
certain points. Most workers now agree that the 
basic chain configuration in many synthetic poly- 
peptides and the «-forms of fibrous proteins is a 
helical structure, and various model systems 
involving molecular aggregation with the pro- 
duction of ‘super-helices’ have been discussed by 
Crick (1952) and Pauling & Corey (1953). In the 
case of elastin, a highly ordered structure appears 
to be unlikely; but the production of a network, 
with some degree of order, by the interpenetration 
of helical structures at specific points in the 
peptide chains could be envisaged. Such a model 
would conceivably explain both the elastic and 
swelling properties of the natural fibre and also the 
production from it of two types of soluble protein 
by hydrolytic cleavage of the chains; the high- 
molecular «-protein would then be regarded as 
composed of fragments of the three-dimensional 
network, and the £-protein as loose strands of the 
polypeptide fabric. 

Recently Bowen (1953) has published a study of 
a soluble protein derived from elastin by pro- 
longed boiling with 40% (w/v) urea (Hall, 1951). 
This protein shows reversible phase separation on 
warming, and in some of its other properties 
resembles the «-protein described here. From the 
results of sedimentation and diffusion experiments 
carried out with the protein derived from urea 
treatment, Bowen suggested that the material 
may exist in solution at pH 4 as a dynamic 
equilibrium between more than one molecular 
species, dilution favouring breakdown into smaller 
molecules. By extrapolation to zero concentration 
a value for the mean molecular weight at infinite 
dilution of 6870 was obtained, and Bowen suggests 
that this may mean identity with the f-protein 
produced by oxalic acid treatment (mol.wt. 5500). 
A reliable value for the maximum molecular weight 
approached at high concentration could not be 
given, but in Bowen’s view a value of 84000, 
corresponding with the «-protein, would be in 
reasonable accord with his data. 

In our work with the «- and £-proteins we have 
not observed any tendency towards intercon- 
version of the two proteins due to alterations in the 
protein concentration; this is well brought out in 
the data showing the effect of protein concentra- 
tion on osmotic pressure (Partridge e¢ al. 1955). 
Strong solutions of the §-protein can be stored 
for prolonged periods without production of any 
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material showing reversible phase separation on 
warming, and similarly, solutions of the «-protein 
will still show a milky appearance on raising the 
temperature at dilutions of 0-05 % (w/v) or less. We 
have had‘no opportunity of repeating the experi- 
ments of Bowen using the product derived from 
oxalic acid treatment, but the present evidence 
suggests that the proteins are not identical. It 
should perhaps be pointed out that during the 
treatment with boiling urea, ammonia is produced 
and the solution becomes alkaline. Solubility in 
urea may be brought about by partial alkaline 
hydrolysis, and the alkaline conditions may cause 
the rupture of interchain linkages which are more 
stable under acid conditions. The difference in 
properties of the two types of soluble degradation 
product may thus be due mainly to the absence in 
the urea product of stable cross-bonding. Work is 
continuing in an attempt to obtain further infor- 
mation on this aspect of the problem. 


Action of elastase on elastic tissue 
and purified elastin 

The state of combination of the polysaccharide in 
yellow connective tissue and its possible effects in 
stabilizing the protein structure has been dis- 
cussed by several authors, but some confusion has 
arisen largely as a result of inadequate definition of 
the preparations of elastin used for the experi- 
ments. Hall, Reed & Tunbridge (1952) found that 
polysaccharide and sulphuric acid are intimately 
associated with protein in elastic tissue and 
noticed the liberation of both during dissolution of 
elastin preparations by elastase or other agents. As 
a result they suggested that pancreatic elastase is 
not a proteolytic enzyme, but rather a mucase. 
Banga & Balo (1953) observed the liberation of 
reducing substances during the action of elastase 
and at first considered that purified elastin con- 
tained some 10-12 % of a carbohydrate resembling 
glucosamine, but this view was later withdrawn 
(Banga, 1953). Recently Wood (1953) showed that 
elastic tissue (from ox ligamentum nuchae) from 
which collagen had been removed by treatment 
with boiling dilute acetic acid still contains a poly- 
saccharide which is bound interfibrillarly. The 
polysaccharide can be removed in large part by 
extraction with alkaline 10% (w/v) calcium 
chloride and appears to be similar to chondroitin 
sulphate. Prolonged treatment of strips of ox 
ligamentum nuchae with alkaline calcium chloride 
solution at 37° had no observable effect on the 
elastic properties of the fibres, and from this and 
other evidence it was concluded that there is doubt 
as to whether the polysaccharide associated with 
elastin plays an important part in structural 
stability. About the same time Hall (1953) showed 
that the elastase preparations commonly used are 
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probably complex and that at least one component 
has mucolytic activity. 

The results of the present work show that the 
elementary fibres comprising the bulk of the native 
ligament consist of a protein which may be re- 
garded as chemically homogeneous and which 
contains not more than about 0-3 % of carbohydrate 
and only small amounts of ester-bound sulphate. 
Estimations of free a-amino groups liberated 
during the action of elastase on this protein shows 
that enzymic degradation involves the rupture of 
peptide bonds, and thus at least one of the com- 
ponents of ‘elastase’ must be regarded as a proteo- 
lytic enzyme. 





SUMMARY 


1. Amino acid analyses are given for purified 
elastin from ligamentum nuchae of cattle and for the 
«- and £-proteins derived from it by mild acid 
hydrolysis (Partridge et al. 1955). The amino acid 
composition of the three proteins is closely similar, 
and thus the intact fibrous protein must be re- 
garded as substantially homogeneous. 

2. The glucosamine and galactosamine content 
of purified elastin has been estimated by a chro- 
matographic method; the two amino sugars 
together account for not more than 0-1% of the 
dry protein. 

3. The ultraviolet absorption spectra of the 
mixture of soluble proteins derived from elastin 
show the presence of an unidentified substance 
with an absorption peak in the region of 27504. 

4. N-Terminal groups in elastin and the two 
derived proteins were estimated by the fluorodini- 
trobenzene technique. Elastin contains 0-29 mole 
of N-terminal residues in 100 000 g., the «- and p- 
proteins contain 24-4 and 32-5 moles of N-terminal 
residues respectively in the same weight of protein. 
It is deduced that the B-protein consists of mole- 
cules composed on the average of two chains each 
containing 27 residues; the «-protein has, as a mean 
value, 17 such chains containing 35 residues each. 

5. The nature of the cross-links binding adjacent 
peptide chains in elastin and the two soluble 
proteins is discussed. 

6. The action of pancreatic elastase on purified 
elastin has been studied. It is concluded that 
dissolution of the fibrous protein is brought about 
by the rupture of peptide links and the active 
enzyme must be regarded as proteolytic. 


The authors wish to thank Professor I. Banga for the gift 
of a purified preparation of elastase. The amino acid 
analyses given in this paper were carried out by Mr D. F. 
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The Titration Curves of Elastin and of the Derived a- and g-Proteins 


By J. R. BENDALL 
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(Received 17 December 1954) 


This paper presents titration data obtained with 
the preparations of native elastin from ligamentum 
nuchae of cattle and the «- and f-proteins de- 
scribed by Partridge, Davis & Adair (1955). 

Native elastin possesses very few charged groups, 
and is thus characterized by a flat titration curve 
except in the extreme acid and alkaline range. 
Amino acid analysis (Partridge & Davis, 1955) 
reveals (in 10° g. protein) about 22 free carboxyl 
groups (aspartic and glutamic acids) and about 11 
basic groups (arginine and lysine). In addition, there 
are about 7-5 tyrosine OH groups which will also 
contribute to the titration curve in the alkaline 
range. There are very few imidazole (histidine) 
groups (<0-3). These results are in fair agreement 
with those of the present work obtained by 
titration of the wet solid, which reveals about 17 
acidic groups and 15-16 basic groups (up to 
pH 11-0). 

The titration curve for native elastin (Fig. 1) is in 
marked contrast to those of the «- and B-proteins, 
both of which show the presence of many free 
carboxy] groups, together with an equal number of 
new groups titrating over the range pH 6-10 with 
amean pK of 8-15. This behaviour is characteristic 
of «-amino groups (Cohn & Edsall, 1943). 

Thus the transformation of native elastin to the 
soluble «- and f-proteins during treatment with 
hot dilute oxalic acid is accompanied by cleavage of 
peptide bonds with consequent decrease in the 
mean chain length of the molecular species present. 


METHODS 


Titration 
A glass-electrode assembly, with a Marconi pH meter, was 
used to determine the pH of the solutions. The glass- 
electrode was free from ‘sodium’ error at least up to pH 
11-0. 

The solution to be titrated was placed in position under 
the glass-electrode assembly in a 50 ml. beaker and stirred 
by a gentle stream of nitrogen bubbles. 0-05Nn-HCl or 
-NaOH was led in through capillary tubes beneath the 
surface of the solution. A small drop of octanol was added 
to prevent frothing. 

Usually, 25 ml. of solution containing 0-2-0-5g. of 
protein were used for each titration, and the pH was 
measured after each addition of 0-5 ml. HCl or NaOH. In 
the case of elastin (native), the dried protein was ground to 


a fine powder, which was suspended in water or 0-2mM-NaCl 
and stirred gently with nitrogen for 15 min. before titration 
was begun. 

Calculation of results 


The results were calculated from the equation 
c 
log = =pH,— pH, 
1 


where c, =concentration in g. ions/l. of H* (or OH ) in the 
absence of the protein; c,=concentration in g. ions/I. of 
H* (or OF ) in the presence of the protein; and pH, = pH 
in the absence, and pH, = pH in the presence, of the protein. 
The amount of H* bound in g. ions/l. is then given by 
¢,-C,. This value was subsequently corrected to give the 
g. ions of H* bound by 105 g. protein. 


RESULTS AND DISCUSSION 


Details of the preparation of native elastin 
powder and of the «- and 8-proteins are as given by 
Partridge et al. (1955). The titration curves of these 
proteins are shown in Fig. 1. It is seen that the 
curves for elastin in water and 0-2m-NaCl re- 
spectively are very flat except at the acid and 
alkaline ends, whereas the curves for the «- and B- 
proteins are steep from pH 5-0 to 2-5 and from 
pH 6-0 to 10-0. The steep portion in the latter 
range is a unique feature of these proteins, and is 
not found in native proteins or in derived proteins 
such as gelatin (Cohn & Edsall, 1943). Analysis of 
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Moles H* bound by 10°g. protein 


Fig. 1. Titration of purified elastin powder and the soluble 
a- and f-protein fractions (Partridge et al. 1955) derived 
from it by partial hydrolysis. I, B-protein; II, «-protein; 
III, elastin powder titrated in presence of 0-2m-NaCl; 
IV, elastin powder titrated without NaCl. 
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the curves shows that the groups responsible have 
a mean pK value of 8-15 and are thus probably 
«-amino groups. Since they behave as if they were 
of one species with this pK, it would be expected 
that half of their number would titrate between 
pH 8-65 and 7-65. Calculated on this basis, there 
are 24 present in the «-protein and 28 in the B- 
protein (10° g.). Similar values, 27 and 29 re- 
spectively, are obtained by subtracting the total 
H* bound by native elastin from the total H* 
bound by the «- and £-protein over the pH range 
11-0-6-25 (the point of least slope). Thus the 
treatment has resulted in the production of 24— 
27 and 28-29 a-amino groups, in the «- and f- 
proteins respectively. These results are also in fair 
agreement with the values of 24-4 and 32-5 amino 
end-groups for the «- and £-proteins, obtained by 
the fluorodinitrobenzene technique (Partridge & 
Davis, 1955). 

Similar analysis of the curves in the acid region 
shows that about 26 and 34 new acidic groups 
are present respectively in the «- and f-proteins. 
Analysis in this region is less accurate because it is 
not certain that all the acidic groups have been 
titrated at pH 2-0, which is the limit of the glass 
electrode. However, the comparatively good 
agreement between the numbers of acidic and basic 
groups released justifies the assumption that the 
former are «-carboxyl groups corresponding to the 
released a-amino groups. 








Potassium ions are actively transported across the 
yeast cell membrane during fermentation when the 
external fluid contains potassium chloride. The 
potassium ions exchange for hydrogen ions 
(Conway & O’Malley, 1946; Rothstein & Enns, 
1946). A similar transport of sodium ions occurs if 
the fermentation is carried out in the presence of 
0-2m sodium citrate, without any added potassium 
ions (Conway & Moore, 1954). If the yeast is 
washed and suspended in water it slowly excretes 
sodium ions. These are accompanied by anions 
from within the cell, but if the sodium-rich yeast is 
suspended in 0-1m potassium chloride, the sodium 
is rapidly excreted in exchange for potassium ions. 


The Effect of Redox Dyes on the Active Transport of Hydrogen, 
Potassium and Sodium Ions Across the Yeast Cell Membrane 


By E. J. CONWAY anv R. P. KERNAN 
Department of Biochemistry, University College, Dublin 


(Received 27 October 1954) 











SUMMARY 


1. Titration of native elastin shows the presence 
(in 105g. protein) of about 17 moles of acidic 
groups and 15-16 of basic groups. These values are 
in substantial agreement with those expected from 
the amino acid analysis. 

2. The titration curves of the «- and f-proteins, 
derived from elastin, reveal the presence of many 
more acidic groups and of new groups titrating 
with mean pK 8:15. 

3. Itis shown that the new groups are «-amino in 
character, and that the numbers released correspond 
with the increase in number of acidic groups. 

4. It is concluded that during the treatment of 
native elastin to give the a- and f£-proteins, about 
26 and about 31 moles of «-amino residues re- 
spectively are released in 105 g. of protein, with the 
simultaneous release of corresponding numbers of 
«-carboxyl residues. 

The work described in this paper was carried out as part 
of the programme of the Food Investigation Organization 
of the Department of Scientific and Industrial Research. 
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The potassium and sodium ions which exchange 
have different carriers. Azide (0-002M) practically 
completely inhibits the potassium carrier but not 
the sodium carrier. Both are inhibited by cyanide 
and anoxia (Conway, Ryan & Carton, 1954). Such 
active transport has been interpreted as a carriage 
by a redox system or systems which act as the 
immediate energy supplier in the _ transport 
(Conway, 1951, 1953). 

Apart from the immediate carriers of the ions the 
involvement of phosphate-bond energy at some 
stage in the transport of potassium ions in yeast 
may be inferred from the pronounced inhibitory 
action of 2:4-dinitrophenol (0-002m). On the other 
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hand, neither 2:4-dinitrophenol nor 0-002m azide 
has any appreciable effect on the sodium transport 
system in yeast. 

Evidence for the redox pump mechanism for 
inorganic ion transport has been already advanced 
(Conway, 1953; Conway & Moore, 1954). Here the 
effects of redox dyes on the transport of potassium 
and sodium ions, as well as on the excretion of 
hydrogen ions during anaerobic fermentation, are 
described. They are correlated with observations of 
the redox potentials in the suspending fluid. 


METHODS 


The fermentation and electrode arrangement. The yeast sus- 
pension was contained in a corked Pyrex tube, 2-5 x 10 cm., 
arranged so that N, could be bubbled through the sus- 
pension; the cork held a glass tube containing mercury with 
platinum wire making contact and sealed into the bottom 
of the tube. The wire was fixed at the other end to a plati- 
num foil electrode. A salt bridge of KCl in agar gel con- 
nected this fluid in the tube with saturated KCl in another 
vessel, which made contact with a saturated calomel 
electrode. The terminals were connected to a Cambridge 
potentiometer, with a sensitive galvanometer. The arrange- 
ment for redox potential measurement was tested, using 
redox mixtures of known potential, such as potassium 
ferricyanide/ferrocyanide and the quinhydrone half-cell at 
various pH values. 

The yeast suspension. Fresh baker’s yeast was washed 
twice with water and one part suspended in 20 vol. of 
suspending fluid. For resting yeast, the fluid contained 
only potassium hydrogen succinate at pH 4-5. With 
fermenting yeast the suspension contained 5% (w/v) of 
glucose in addition. The succinate was added to buffer the 
medium at or near to a pH of 4-5. Where the effect of the 
redox dyes was being examined these were incorporated in 
the suspending fluid in strength 10-*M, and the glucose was 
not added here until the oxygen was expelled. The effect of 
the dye was determined by comparing the results with 
those of a control without the dye. 

Hydrogen-ion secretion. The amount of H* secretion after 
45 min. in the presence of a redox dye was determined by 
titrating to a pH of about 9-0, the supernatant fluid from 
centrifuged samples taken at zero time and 45 min. later. 
Oxygen was bubbled through the fluid before titrating. This 
was done to bring both the dye at zero time and after the 
stated period of fermentation to the same oxidized state, 
avoiding any possible H* ion formation by the reduction of 
the dye itself. The result was expressed as a percentage of 
the amount secreted in a control mixture without the dye. 
The H* secretion occurs partly in exchange for K* and 
partly in association with succinate ions as succinic acid 
(Conway & O’Malley, 1946; Conway, 1952). 

Potassium and sodium. The K and Na content was deter- 
mined in the centrifuged yeast by means of the Beckman 
flame photometer. The centrifuged yeast, suspended in 
about 10 vol. of water, was boiled for about 1 min. and made 
up to 100 ml. with distilled water. Washing the yeast with 
water before making the suspension made no difference in 
the comparative results obtained or in the estimate of the 
K* uptake. The result was expressed as a percentage of the 
amount absorbed in a control mixture without the dye. 
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Preparation of sodium-rich yeast. This was prepared by 
fermenting one part of yeast in 20 vol. of 0-2 msodium citrate 
(Conway & Moore, 1954) for 2-5 hr. 

Determination of carbon dioxide. This was measured by 
the microdiffusion method (Conway, 19506). To provide 
anaerobic conditions for the fermentation in the micro- 
diffusion units, nitrogen was passed into them for some 
time before the glucose was added. 

Determination of ethanol. The samples for ethanol assay 
were taken directly from the fermenting mixtures under the 
same conditions as for the investigations of the effect on 
H* excretion and K* uptake. These samples were centri- 
fuged, and the ethanol content of the supernatant fluid was 
estimated by the microdiffusion method (Conway, 1950a). 
Both CO, and ethanol were expressed as percentages of the 
control. 


RESULTS 


Studies with normal yeast 


Redox potential changes during fermentation. The 
redox potential of a suspension of washed resting 
yeast, on reaching a steady state under anaerobic 
conditions at pH 4-5, was in the region of — 20 to 
—40mv. The curves of potential with time are 
shown in Fig. 1. A steep fall, which may be 





0 10 20 30 40 SO 60 70 
Time (min.) 


Fig. 1. Changes of redox potential of yeast. A, fermenting; 
B, fermenting in presence of Nile blue; C, fermenting 
in presence of o-chlorophenol-indophenol; D, resting. 
Suspending fluid 0-04M potassium hydrogen succinate at 
pH 4-5. A, B, and C also contain 5% of glucose; concen- 
tration of dyes 10-*M. 


attributed to progressive oxygen depletion, occurs 
at the beginning. The potential then reaches a 
somewhat steady state (curve D), which may be 
taken as the true resting potential of the outer 
surface of the yeast cell. Curve A shows the effect 
of fermentation. After a similar rapid, but not so 
great, fall, the potential rises steeply to reach a 
steady state after about 45 min. The steady-state 
value was usually close to 180 mv at room temper- 
ature (18°). Kluyver & Hoogerheide (1934) found 
a range of 80-100 mv at pH 5-4. The pH of our 
Bioch. 1955 .61 











34 
fermenting yeast without addition of redox sub- 
stance was approximately 4-1 during fermentation 
and one could expect the observed potential to be 
higher than at pH 5-4. 

The effect of redox dyes (10-4m) on the redox 
potential during fermentation. When sufficient time 
was allowed for the disappearance of the oxygen 
during fermentation, redox dye Nile blue (Ej at 
pH 4:5=19mv) showed a very marked effect. 
After 60min. the potential was approximately 
45 mv (curve B, Fig. 1),-as compared with 185 mv 
in the control (curve A, Fig. 1). Other redox 
dyes had similar but varying effects depending on 
their characteristic redox potential at pH 4-5. A 
relatively oxidizing dye, o-chlorophenol-indophenol 
(EZ, at pH 4-5=388 mv) caused, on the other hand, 
a marked increase in the potential (curve C, 
Fig. 1), the value after 60 min. being about 330 mv 
compared with 180 mv in the control. After about 
45 min. the potential level reached a somewhat 
steady state in the control mixture or in the 
presence of oxidizing or reducing dyes. 

Effect of the redox dyes on the hydrogen-ion 
secretion. The average production of H* by the 
control was 80 m-equiv./kg. of yeast/45 min. Zero 
time was regarded as that when glucose was added 
to the buffered suspension of yeast, following 
expulsion of oxygen. Thus the potential of the 
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Fig. 2. Effect of redox dyes on H* secretion by yeast 
fermentating in 0-04Mm potassium hydrogen succinate at 
pH 4-5. Glucose added after expulsion of oxygen. The 
dyes used were: Nile blue, @; safranine T, x ; neutral 
red, ®; benzyl-viologen, A; phenol-indo-2:6-dichloro- 
phenol, 7; 1-naphthol-2-sodium sulphonate-indophenol, 
A; o-cresol-indo-2:6-dichlorophenol, ©; phenol-indo- 
2:6-dibromophenol, w ; o-chloro-indo-2:6-dichlorophenol, 
gm; o-chlorophenol-indophenol, ©; Janus green, +; 
concentration of dyes 10-4m. 
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mixture had approached a steady state before the 
first sample was taken. Fig. 2 shows the relation 
between the relative H* secretion and the F,, of the 
mixture containing the dyestuff. It will be seen 
that there is an approximate linear relation 
between the potential of the mixture after 45 min. 
and the H* secretion over this period. 

Effect of redox dyes on the K* uptake during 
fermentation. Fig. 3 shows that the effect on the K* 
uptake is similar to that on the H* excretion. The 
average uptake of K by the control during fer- 
mentation was 26 m-equiv. of K/kg. of yeast. 

Effect of inorganic redox systems on the K* uptake. 
Ceric sulphate, chromic chloride, titanous chloride 
and stannous chloride were used. It will be seen 
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100 120 140 160 180 200 220 240 260 280 300 
90 110 130 150 170 190 210 230 250 270 290 
E, (mv) 
Fig. 3. Effect of redox dyes on K* uptake during fer- 
mentation of yeast buffered by 0-04m potassium hydro- 
gen succinate. Conditions and symbols as in Fig. 2. 
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-300 -200 -100 0 
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Fig. 4. Effect of Ce(SO,),, x; CrCl,, A; TiCl,, O; and 
SnCl,, W; (10-*m) on K ion uptake by fermenting yeast. 
Conditions as in Fig. 2. 
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Table 1. Production of CO, and ethanol during anaerobic fermentation of yeast with redox dyes 
in the suspending fluid 


Results expressed as percentages of the values obtained without the redox dye. 


Dye 
Phenol-indo-2:6-dibromophenol 
Phenol-indo-2:6-dichlorophenol 
o-Chlorophenol-indophenol 
o-Chlorophenol-indo-2:6-dichlorophenol 
o-Cresol-indo-2:6-dichlorophenol 
1-Naphthol-2-sodium sulphonate-indophenol 
Nile blue 
Janus green 
Benzyl-viologen 
Safranine T 
Neutral red 





from Fig. 4 that the trend is similar to that pro- 
duced by redox dyes, a raised potential above the 
control causing an increased uptake of K*, and a 
reduced potential resulting in a fall in the uptake. 
For a given potential change the effect is smaller 
with the inorganic redox substances than with the 
organic dyes. 

Effect of the redox systems used on the fermentation 
rates. The rate of fermentation was measured by 
determination of the ethanol and CO, production. 
The results in Table 1 show that there was little 
effect on the ethanol and CO, production with the 
various dyes (British Drug Houses Ltd.) used in 
10-*m concentration. 


Studies with a sodium-rich yeast 

The external redox potential of sodium-yeast 
fermenting anaerobically. The potential levels with 
time of fermentation of sodium-rich yeast in 
sodium hydrogen succinate at pH 4-5 are illustrated 
in Fig. 5, curve A, which lies at a much higher 
potential level than that for fresh yeast in a similar 
medium containing potassium hydrogen succinate 
(Fig. 5, curve B). After 30 min. bubbling with 
nitrogen, when all or practically all the oxygen 
effect had been removed, the potential for the 
sodium-yeast was 220 mv and for the fresh yeast 
152 mv (curve A), while after 60 min. the figures 
were 212 and 183 mv. 

Fig. 5, curve C, shows the effect of adding KCl 
to the sodium-yeast. The KCl solution (3M) was 
added immediately on suspending the yeast, so as 
to give a final concentration of 0-04™ in the sus- 
pending fluid. The effect is a marked reduction of 
the potential from the beginning when compared 
with that of the sodium-yeast without external KCl. 

Effect of redox dyes on sodium extrusion by 
sodium-yeast. The same dyes, concentrations and 
procedure were used as in the investigations with 
fresh yeast. The trend of the curve (Fig. 6) is in the 
opposite direction to the effect produced on the 
fresh yeast. 


E, of dye co, Ethanol 
at pH 4-5 production production 
(mv) (% of control) (% of control) 
+396 101 103 
+ 396 101 101 
+388 101 99-5 
+385 100 96 
+ 365 100-5 100 
+273 98 100 
+ 19 101 102 
— 100 101 100 
-—109 100 100 
— 139 104 96 
-170 99-5 100 
300 
260 
240 
— B 
uj 180 
160 
140 
120 ¢ 
0 10 20 30 40 50 6 70 80 9% 
Time (min.) 


Fig. 5. Redox potential changes during fermentation: 
A, sodium-rich yeast; B, baker’s yeast; C, sodium-rich 
yeast in presence of 0-04M-KCl. Conditions as in Fig. 1, 
except that A and C were buffered by 0-04m sodium 
hydrogen succinate, pH 4-5. 


Nat extrusion (as % of control 





160 
170 


180 200 220 240 260 280 300 320 
190 210 230 250 270 290 310 330 
En (mv) 

Fig. 6. Effect of redox dyes on Na ion extrusion during 
fermentation of sodium-rich yeast in 5 % glucose, buffered 
by 0-04m sodium hydrogen succinate pH 4-5. Symbols 
as in Fig. 2. Control (()) included. 
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Table 2. Effect of redox dyes on Na* extrusion by fermenting yeast 


Yeast buffered by 0-04m sodium hydrogen succinate pH 4-5 in presence of 0-1M-KCl. The redox dyes were included in 


the suspending mixture to form 10-*m solutions. 


Control 
Nat extruded in 45 min. 19-5 
(m-equiv./kg. of yeast) 
130 


E,, (mv) 


When Na‘ is being excreted in exchange for K* 
the effect of redox dye with resulting change of 
potential is negligible over a wide range (Table 2). 
This results from the balancing of the two opposed 
effects on the Na* carrier and on the K* carrier. 


DISCUSSION 


The fact that the active uptake or transport of K* 

during anaerobic fermentation can be considerably| 
inhibited or greatly increased by very small con-| 
centrations of redox dyes, depending on the 
characteristic redox potential of the dyes, would 
appear to be strong evidence for a theory of active 

transport of a kind already described as the 

‘redox pump’ (Conway, 1951, 1953). The general 

trend of action of inorganic redox systems is | 
similar to the redox dyes, but the latter are more 

effective. This may be associated with more marked 

affinities of the organic dyes for the redox systems 

involved in the active transport. 

The effect on the active secretion of H* is similar 
in kind to the effect on the active uptake of K*. On 
the other hand, the effect on the sodium carrier 
goes in the opposite direction to that on the K* , 
carrier system. A redox potential increased by the 
redox dye decreases the active excretion of Na* 
when these are being excreted with anions from 
within the cell. Conversely, potential decreased by 
a redox dye increased the rate of Na* excretion. To 
account for these various facts it is concluded that 
the active transport of K* and Na* across the 
yeast cell membrane is directly concerned with 
redox systems acting as carriers which function as 
the immediate suppliers of the necessary energy. 
The detailed manner in which the redox dye system 
can inhibit a redox carrier system or greatly 
increase its action is not clear. 


SUMMARY 


1. The resting anaerobic potential of suspensions 
of baker’s yeast was found to lie in the region 
— 20 to —40 mv (F£, value at pH 4:5). Fermenta- 


Neutral red o-Chlorophenol-indophenol 


included included 
19-5 19-6 
120 205 


tion caused a marked increase in this potential, the 
steady-state value reaching +180 mv (at pH 4:1). 

2. The steady-state potential during fermenta- 
tion can be greatly altered by 10-*m redox dyes. 
Dyes which raise or lower the potential also raise or 
lower the excretion of H* or the active absorption 
of Kt. K absorption or H* excretion are decreased 
to about 30% or less of the control values when the 
potential is lowered by about 60mv with the 
series of dyes studied. At the same time no appre- 
ciable effect is observed on the ethanol or CO, 
production. 

3. Inorganic redox systems (ceric sulphate, 
chromic chloride, titanous chloride and stannous 
chloride) have a similar effect, but for a given 
potential change the effect is smaller with the 
inorganic redox system than with the redox dyes. 

4. A sodium-rich yeast gives a higher potential 
during fermentation than normal yeast, and 
changes of potential produced by redox dyes, in the 
absence of K*, have the opposite effect on active 
Na* excretion to that which they have on active 
K* absorption. 

The authors wish to thank the Irish Medical Research 
Council and the Rockefeller Foundation for grants. 
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Purines are known to stimulate riboflavin syn- 
thesis in the fungus Eremothecium ashbyii (Mac- 
laren, 1952; Goodwin & Pendlington, 1954a, b) and 
work with isotopes indicates that this is due to 
incorporation of the purine or a metabolite into the 
riboflavin molecule and not to an indirect effect 
(Plaut, 1953, 1954a,b; Plaut & Bromberg, 1954; 
Klungsoyr, 1954a,b6; McNutt, 1954). McNutt 
showed that the riboflavin isolated after adding 
[8-4C]adenine to growing EH. ashbyii was only 
slightly labelled, whilst that obtained after the 
addition of generally tagged adenine was strongly 
labelled. Plaut’s work on Ashbya gossypii (an 
organism closely related to EZ. ashbyii) showed that 
the carbon of CO, and formate was incorporated 
into riboflavin almost exclusively in positions 2 
and 4 respectively, and the methylene and carb- 
oxyl carbons of glycine into positions 4a and 9a, 
respectively. A similar labelling pattern also 
occurs in the purine molecule (see, for example, 
Buchanan & Sonne, 1946; Karlsson & Barker 


1949). 
i 
N N NH N 
CH, As 9 6 13 0 9 ey 
| . ‘3 c 5, IN 
a T . 
CH; ~~ N 4 >NH N 62+ 
Riboflavin Purine 


Klungsoyr (1954a,b) also showed that formate 
carbon was incorporated into position 2. 

The pyrimidines thymine, cytosine and uracil, 
and 4-amino - 1:2-dimethyl - 5 - (p - 1’ -ribitylamino) 
benzene and 4:5-dimethylbenziminazole were all 
incapable of stimulating flavin synthesis under 
conditions which allowed purine stimulation 
(Goodwin & Pendlington, 19546); these observa- 
tions also suggest that nitrogens 9 and 10 come 
from a purine-like precursor rather than an o- 
phenylenediamine derivative. 

Goodwin & Pendlington (1954a,b) further 
observed that although most amino acids, when 
added to the basal medium containing minimal 
amounts of peptone, stimulate neither growth nor 


* Part 1: Goodwin & Pendlington (19545). 


flavinogenesis, glutamate and aspartate stimulate 
both, whilst serine, threonine and, to a much lesser 
extent, tyrosine stimulate riboflavin synthesis but 
have little or no effect on growth. 

The present paper records further investigations 
into the role of purines and amino acids in flavino- 
genesis. A short account of some of this work has 
already appeared (Brown, Goodwin & Pendlington, 
1954). 


EXPERIMENTAL 


Cultures. The strain of Eremothecium ashbyii used 
throughout was that obtained from the Centraalbureau 
voor Schimmelcultures, Baarn, Holland. 

Media. The basal medium was that described previously 
(Goodwin & Pendlington, 19546). Appropriate amounts of 
bacteriological peptone (Evans) and the compounds under 
test were added to this medium. The pH was adjusted to 
5-8 and, except where otherwise stated, the medium was 
sterilized by autoclaving at 15 lb./sq.in. for 15 min. 

Materials. Amino acids, adenine, xanthine and alloxan 
were obtained from L. Light and Co. Ltd., Colnbrook, 
Bucks. The methylpurines were the gift of Professor Sir 
Alexander Todd, F.R.S., and Dr A. H. Johnston; 2-amino- 
and 2-hydroxy-purine and the 4:5-diaminopyrimidines the 
gift of Professor A. Albert; 4-aminopterin, folic acid, 
leucovorin and azaxanthine the gift of the Lederle Labora- 
tories (through the good offices of Dr J. R. Ruegsegger), and 
4-amino -1:2-dimethyl-5-(p-1’-ribitylamino) benzene the 
gift of Dr E. S. Holdsworth. 

Cultural conditions and analytical procedures. These have 
been previously described in detail, and the degree of 
reproducibility in the results has also been given (Goodwin 
& Pendlington, 19545). 

Washed cells were prepared by centrifuging as previously 
described (Goodwin & Pendlington, 19546) decanting the 
medium and washing twice with sterile distilled water, the 
cells being centrifuged after each washing. 


RESULTS 
Effect of 4:5-diaminopyrimidines 


As purines incorporated into riboflavin appear first 
to lose carbon 8 (McNutt, 1954), it was possible 
that 4:5-diaminopyrimidines would be _ inter- 
mediates. A number of these compounds have been 
tested at a level (8 mg. N/100 ml.) at which adenine 
and xanthine produce a two- to threefold increase 
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in flavin synthesis, and the results (Table 1) show 
that: (a) the compound analogous to adenine 
(4:5:6-triaminopyrimidine) inhibits both growth 
and riboflavin synthesis considerably (about 60%); 
(6) 4:5:6-triamino-2-hydroxypyrimidine (corre- 
sponding to 6-amino-2-hydroxypurine, which has 
not yet been found in nature) has little effect on 
growth but markedly inhibits riboflavin produc- 
tion; (c) 4:5-diamino-2:6-dihydroxypyrimidine (an- 
alogous to xanthine) and the remaining compounds 
have little effect. The important conclusion from 
these experiments is that the stimulating effects of 
adenine and xanthine are not reproduced by their 
4:5-diaminopyrimidine analogues. Because of 
their instability, the pyrimidines were sterilized by 
filtration; 4:5-diamino-2:6-dihydroxypyrimidine is 
particularly unstable and on standing for 5 days at 
28° in uninoculated media its absorption spectrum 
changes from one with a single sharp peak at 
273 mp. to one with two rather shallow peaks 
near 340 and 410 mu. (Fig. 1). A similar change 
also occurs in inoculated media as can be seen when 
the absorption due to riboflavin (the riboflavin 
curve is that of a control experiment run at the same 
time) is subtracted from the gross curve of the 
inoculated medium. The resulting curve almost 
exactly coincides with that of the uninoculated 
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Fig. 1. The absorption spectra of: (a) Basal medium + 4:5- 
diamino-2:6-dihydroxypyrimidine after incubating alone 
for 5 days at 28° (—@@—). (b) Same medium incubated 
after inoculation with HL. ashbyii, for 5 days at 28° (— —}). 
(c) The contribution of riboflavin to curve (6) (—@—). 
(d) The difference spectrum of curves (6) and (c) (—). 


300 


Table 1. The effect of some 4:5-diaminopyrimidines on flavinogensis by Eremothecium ashbyii 
Basal medium plus 4 mg. peptone N/100 ml. and 8 mg. N/100 ml. of the pyrimidines; 5-day cultures; temp. 28°; 


triplicate determinations; pyrimidines sterilized by filtration. 
Dry wt. (% of control)* 


No. of 
Pyrimidine added experiments Mean 
4:5:6-Triamino 5 50-0 
4:5:6-Triamino-2-hydroxy 3 90-2 
4:5-Diamino-2:6-dihydroxy 3 104-6 
4:5-Diamino-2-hydroxy 2 107-0 
2:4:5-Triamino-6-hydroxy 1 104-0 


* As experiments were carried out at different times, the results are expressed as percentages of the appropriate controls. 


Riboflavin (% of control)* 


Range Mean Range 
30-5-64-1 38-8 22-4-55-6 
67-5-109-0 35-9 9-5-58-6 
94-4-112-0 95-0 87-0-102-3 

104-0-110-0 104-6 79-3-130-0 
as 102-0 — 





Table 2. The combined effect of certain pyrimidines and purines on riboflavin synthesis 
by Eremothecium ashbyii 


Amounts produced in 15 ml. basal medium +4 mg. peptone N/100 ml. with the addition of purines and pyrimidines at 


a level of 8 mg. N/100 ml.; 5-day cultures; temp. 28°; triplicate analyses. ; 5 
Riboflavin 
Dry wt. (mg.) (ug-/15 ml. medium) (g./100 g. dry 
mycelium) 
Compound added Mean Range Mean Range Mean 
None (control) 13-1 12-6-13-5 84 81-90 0-64 
4:5:6-Triamino-2-hydroxypyrimidine 14-3 13-6-15-3 8 6-13 0-1 
4:5:6-Triaminopyrimidine 8-4 8-1-8-8 39 37-43 0-47 
Adenine 17-3 17-2-17-4 241 239-244 1-39 
Xanthine 15-0 14-3-15-9 253 205-283 1-69 
4:5:6-Triamino-2-hydroxypyrimidine + 17-3 14-1-20°3 103 99-111 0-61 
adenine 
4:5:6-Triamino-2-hydroxypyrimidine + 20-2 19-2-21-2 111 93-123 0-55 
xanthine 
4:5:6-Triaminopyrimidine + adenine 16-9 16-2-17-6 267 . 260-275 1-58 
4:5:6-Triaminopyrimidine + xanthine 14-8 14-2-15-5 106 96-124 0-71 
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medium. This also indicates that the pyrimidine is 
not utilized to any appreciable extent. The forma- 
tion of the artifact in the medium may account for 
the lack of stimulation of riboflavin synthesis. 

Examining the two inhibitory pyrimidines in 
conjunction with adenine and xanthine, it was 
repeatedly found (see Table 2 for the results of 
a typical experiment) that with the xanthine 
analogue both adenine and xanthine overcame the 
inhibition of riboflavin production but did not 
stimulate production above normal as they do in 
its absence. With the adenine analogue both 
purines overcome the growth inhibition but, whilst 
xanthine brings the riboflavin synthesis back to 
normal, adenine increases it above normal to the 
same extent as in the absence of the pyrimidine. 

4:5:6-Triaminopyrimidine is the only member of 
the series which suppresses the stimulation of 
riboflavin production by threonine. In two experi- 
ments the mean stimulations in the presence of 
threonine and this pyrimidine were only 13-6 and 
6-9 % of the values observed in the basal medium 
with threonine alone. 


Effect of aminopterin 


Aminopterin was examined for its effect on 
riboflavin synthesis because of its known inhibitory 
effect on the biosynthesis of purines (Woolley & 
Pringle, 1950; Buchanan & Wilson, 1953). Fig. 2 
shows that with increasing concentration amino- 
pterin increasingly inhibits growth. Up to a concen- 
tration of 2 g./100 ml., on the other hand, ribo- 
flavin synthesis is considerably stimulated; above 
this level synthesis is reduced, but to the same 
extent as growth, so that the concentration 
(amount excreted/g. dry mycelium) remains at its 
elevated level. 
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When threonine was tested in the presence of 
aminopterin at levels of 20 and 200 yg./100 ml., it 
did not overcome growth inhibition in either case 
(Table 3); with the lower concentration it was, 
however, still able to exert its flavinogenic action, 
but this was eliminated at the higher concentration 
of aminopterin. Adenine examined under the same 
conditions partly overcame the growth inhibition 
of aminopterin whilst its stimulation of riboflavin 
synthesis was only slightly reduced. The growth 
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Fig. 2. The effect of aminopterin on growth and riboflavin 
synthesis in HZ. ashbyii. Amounts produced in 15 ml. 
basal medium containing 4mg./100 ml. peptone N. 
(5-day cultures; temp. 28°). @, Dry wt.; O, riboflavin/ 
15 ml. medium; x, riboflavin (g./100 g. dry mycelium). 








Table 3. The effect of aminopterin on purine and threonine stimulation of riboflavin synthesis 
by Eremothecium ashbyii 


Amounts produced in 15 ml. basal medium containing 4 mg./100 ml. peptone N plus adenine or DL-threonine with 


aminopterin; temp. 28°; 5-day cultures; triplicate determinations. 


Riboflavin 
Dry wt. (mg.) (ug-/15 ml.) (g-/100 g. 
Concn. ————— dry mycelium) 
Compound added (mg./100 ml.) Mean Range Mean Range Mean 
None (control) —_ 11-1 10-5-11-5 154 152-158 1-40 
Aminopterin 0-02 5-2 4-0-5:8 251 211-283 5-06 
Aminopterin 0-20 2-1 1-7-4-2 121 118-127 5-92 
pL-Threonine 15-0* 8-5 7-0-10-3 366 255-460 4-55 
Adenine 7-7F 12-0 11-1-13-2 359 296-359 2-72 
Aminopterin + 0-02 | : 9.82. e aaa 
ar throcsine 15-0* | 3-0 2-6-3-5 376 343-399 13-65 
Aminopterin + 0-20 E nea: K = f 
ag eho a 3-6 3-4-3-7 158 147-169 4-43 
Aminopterin + 0-02 | i ei a os 9 
ae 7-70+ ft 7:8 6-6-9-9 407 384-428 5-36 
Aminopterin + 0-20 | ae a ‘ 99n_oKR ° 
adenina 7-704 | 5-9 4-7-7-9 243 236-256 4-26 
* =2 mg. N of L-isomer. tf =4mg. N. 
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Table 4. The effect of aminopterin on riboflavin synthesis in Eremothecium ashbyii 
in the presence of folic acid and leucovorin 


Amounts produced in 15 ml. basal medium +4 mg. peptone N/100 ml., to which was added aminopterin, alone or with 


folic acid or leucovorin; triplicate analyses; temp. 28°; 5-day cultures. 


Dry wt. (mg.) 


Compounds added to Amount 





Riboflavin 
A _ 
(ug./15 ml.) (g./100 g. 
a dry mycelium) 
Range Mean Range Mean 
9-4-11-2 70 69-70 0-68 
4-2-5-0 153 143-167 3-33 
4-2-5-4 123 114-131 2-71 
4-6-5-2 130 127-145 2-69 
9-3-11-7 109 97-123 1-07 
5-2-7-4 129 124-136 2-22 
5-1-6-5 128 117-138 2-23 
6-8-8-0 116 108-128 1-81 








basal medium (ug-/100 ml.) Mean 
None (control) — 10-2 
4-Aminopterin 4-0 4-6 
4-Aminopterin + 4-0) 4-6 
leucovorin 4-0) 
4-Aminopterin + 4-0) 4-9 
leucovorin 40-0 
4-Aminopterin + va 101 
leucovorin 400-0 
4-Aminopterin + aa 5-9 
folic acid 4-0 
4-Aminopterin + 4-0) 5:8 
folic acid 40-0) 
4-Aminopterin + 4-0) 6-4 
folic acid 400-0 } 
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Fig. 3. The effect of increasing concentrations of peptone 
on the action of aminopterin on growth and flavino- 
genesis in EF. ashbyii. Amounts produced in 15 ml. 
basal medium containing varying amounts of peptone; 
concen. of aminopterin 4yg./100 ml. 5 day cultures; 
temp. 28°. @, Dry wt.; O, riboflavin/15 ml. medium; 

x , riboflavin (g./100 g. dry mycelium). 


inhibition of aminopterin is overcome by 100 times 
the concentration of citrovorum factor (leucovorin) 
which does not decrease riboflavin synthesis to 
the control level, although there is some slight 
reduction; folic acid at the same concentration 
reduces riboflavin synthesis to the same degree but 
does not stimulate growth to the same extent as 


does leucovorin. Increasing concentrations of 
peptone also overcome the growth inhibition of 
aminopterin without decreasing to any marked 
extent the riboflavin levels (Fig. 3). 


Action of azaxanthine 


Increasing concentrations of azaxanthine have 
comparatively little effect on growth of E. ashbyii, 
but a pronounced effect on riboflavin synthesis, so 
that the concentration of the vitamin drops con- 
siderably (Fig. 4). When tested at a concentration 
of 4mg. N/100 ml., azaxanthine inhibits the 
stimulation due to adenine by 55 % but that due to 
xanthin to an extent (10-9 %) which is probably not 
significant (Table 5). 


Effect of alloxan and 
4-amino-1:2-dimethyl-5-(D-1’-ribitylamino)benzene 


Previously, alloxan and 4-amino-1:2-dimethyl- 
5-(D-1’-ribitylamino)benzene (I) had only been 
examined separately for stimulation of flavino- 
genesis (Goodwin & Pendlington, 19546) and in 
neither case was any stimulation observed. As 
alloxan was examined at a level (20 mg./100 ml.) 
which appeared slightly toxic to the organism, it 
has now been examined over a wide range of con- 
centrations, and it will be seen from Fig. 5 that 
no stimulation can be observed. At a concentra- 
tion of 4mg./100ml., riboflavin synthesis is 
strongly inhibited and to a greater extent than 
growth, whilst, at 128 mg./100 ml., alloxan com- 
pletely inhibits growth. 

Alloxan and (I) were examined together, be- 
cause Smith & Emmart (1949) claimed that they 


a a a NN ie 








5, 


th 





Vol. 61 


RIBOFLAVIN IN #. ASHBYII 41 


Table 5. The effect of azaxanthine and purines on stimulation of riboflavin production 
in Eremothecium ashbyii 


Azaxanthine and xanthine added at a level of 4 mg. N/100 ml. to basal medium containing 4 mg. peptone N/100 ml.; 
15 ml. medium; temp. 28°; 5-day cultures. Triplicate determinations. 


> 


Dry wt. (mg.) 


40 





Riboflavin 





(ug-/15 ml.) (g./100 g. 





Material added to : ed oe dry mycelium) 
basal medium Mean Range Mean Range Mean 
None (control) 14-2 13-4-14-3 72 69-77 0-51 
Azaxanthine 13-8 13-2-14-9 63 60-65 0-45 
Adenine 17-1 15-4-18-9 161 152-166 0-95 
Xanthine 15:8 14-3-16-7 200 185-208 1-26 
Azaxanthine + adenine 17-2 17-2-17-3 103 103-105 0-60 
Azaxanthine + xanthine 15-9 15-4-16-6 177 165-191 1-11 
16-0 140 
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Fig. 4. The effect of azaxanthine on growth and riboflavin 
synthesis in EZ. ashbyii. (Amounts produced in 15 ml. 
basal medium containing 4mg. peptone N/100 ml.; 
5-day cultures; temp. 28°.) @, Dry wt.; O, riboflavin/ 
15 ml. medium; x, riboflavin (g./100 g. dry mycelium). 


stimulated riboflavin synthesis in the human 
tubercle bacillus, and because Banerjee, Dittmer & 
du Vigneaud (1945) stated that these two sub- 
stances reacted chemically to form riboflavin. We 
have found that a mixture of these two substances 
react spontaneously on incubating at 28° for 5 days, 
producing very small traces of riboflavin but 
mainly a compound with an absorption spectrum 
quite different from that of riboflavin (Fig. 6). Like 
riboflavin, it possesses an intense green fluorescence 
which is alkali-labile; it is also reduced by dithio- 
nite and reoxidized by shaking in air, both re- 
actions being less rapid than with riboflavin. It can 
be separated from riboflavin by chromatography 
on paper. Using the solvent system of Crammer 
(1948) it runs just ahead of riboflavin. This 
material appears almost certainly to be the anil 
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Fig. 5. The effect of alloxan on growth and riboflavin 
synthesis in HZ. ashbyii. Amounts produced in 15 ml. 
basal medium containing 4 mg. peptone N/100 ml.; 
5-day cultures; temp. 28°. @, Dry wt.; O, riboflavin. 


(II), for Tischler, Wellman & Ledenberg (1945) 
have shown that very little riboflavin but a large 
amount of the anil is synthesized when alloxan and 
(I) react; unfortunately Tischler e¢ al. did not 
report the absorption spectrum of the anil. 


i 
CH, = * NH 
Oo 
CH 
; N NH 
0 
Il 


When alloxan and (I) were tested together for 
flavinogenic capacity in EL. ashbyii, no stimulation 
could be observed when the riboflavin was measured 
spectrophotometrically using the incubated, un- 
inoculated medium in the compensating cell. 
Using water in the compensator, the absorption 
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spectrum of the uninoculated medium (Fig. 6) 
indicates anil synthesis (the reason for the slight 
flattening of the 410 my. maximum is not known) 
and that of the inoculated medium a summation of 
the spectrum of riboflavin normally formed in the 
basal medium and that of the anil. When this 
riboflavin absorption is subtracted from that of 
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Fig. 6. The absorption spectra of: (a) The crystalline 
compound produced from alloxan and 4-amino-1:2- 
dimethyl-5-(p-1’-ribitylamino)benzene (——). (b) The 
basal medium of alloxan plus 4 mg. peptone N/100 ml., 
alloxan (14-2 mg./100 ml.) and 4-amino-1:2-dimethyl-5- 
(D-1’-ribitylamino)benzene (I) (7-2 mg./100 ml.), un- 
inoculated but incubated at 28° for 5 days. (—@@—). 
(c) Same as (b) but inoculated with Z. ashbyii at 28° for 
5 days (—). (d) The basal medium without alloxan and 
I, inoculated and incubated for 5 days at 28° at same 
time as (a) and (b) (-—-). (e) The difference spectrum of 
(c) and (d). (—@—). 
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the inoculated medium, the spectrum obtained is 
almost exactly that of the uninoculated medium, 
This indicates no significant utilization of the anil 
for flavinogenesis. 


Effect of some uncommon purines 


The availability of small amounts of 2-methyl- 
hypoxanthine and 2-methyladenine, which have 
recently been shown to be components of some 
forms of vitamin B,, (Brown & Smith, 1954), and 
2-amino- and 2-hydroxy-purines (not known 
naturally) allowed us to test them in two experi- 
ments for their flavinogenic power. The limited 
results (Table 6) are somewhat variable, but 
suggest that the methyl derivatives are probably 
more effective flavinogenic agents than the 2- 
hydroxy- and 2-amino-purines. More interesting is 
the observation that the stimulations of threonine 
and methyl purines appear to cancel each other out 
whilst threonine in the presence of 2-hydroxy- and 
2-amino-purine behaves riormally. It has not been 
possible to examine this anomalous behaviour 
further. 


Effect of possible metabolites of serine 
and threonine and related compounds 
pu-alloThreonine. This compound has the same 
stimulatory effect on riboflavin synthesis as has 
DL-threonine; in one experiment the mean stimu- 
lation in the presence of pt-allothreonine was 
79-6 % of that in the presence of the same amount 
of pL-threonine. 
Possible metabolites of serine and threonine. It has 
already been shown that serine but not glycine 








Table 6. The effect of some uncommon purines either alone or in combination with DL-threonine on growth 
and flavinogenesis in Eremothecium ashbyii 


Amounts produced in 15 ml. basal medium plus 4 mg. peptone N/100 ml. and a purine at a level of 4 mg. N/100 ml, 
pL-Threonine added at a level of 2 mg. N/100 ml. 5-day cultures; temp. 28°; 2 experiments, each value is the mean of those 


with triplicate flasks. 


Dry wt. (% of control) 


Riboflavin (% of control) 








—_—_—aoO— ——————— ———oo 
A B A B 
Purine added Mean Range Mean Range Mean Range Mean Range 
In absence of threonine 
2-Aminopurine 119 117-121 110 108-118 129 128-130 97 95-100 
2-Hydroxypurine ‘ 122 117-126 106 95-113 151 146-158 99 91-119 
2-Methylhypoxanthine 93 72-113 — — 191 182-199 133 121-145 
2-Methyladenine — — — _ — — 142* _ 
Adenine 127 117-139 119 114-124 209 190-230 194 168-209 
In presence of threonine 
2-Aminopurine 127 123-135 — — 208 174-226 — _— 
2-Hydroxypurine 140 131-150 — a 175 158-192 _ — 
2-Methylhypoxanthine 93 -—— —- _ 116 111-121 84 69-108 
2-Methyladenine — 96 88-108 
Adenine 100 95-106 a — — — 249 232-266 
Threonine alone 95 95-96 — — 146 130-162 145 140-154 


* Only one determination. 





— Signifies value not determined. 
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stimulates flavinogenesis in HZ. ashbyii (Goodwin & 
Pendlington, 19546); the possibility that glycine + 
formate might also be active has now been ruled 
out; ethanolamine, another compound related to 
serine, is, however, stimulatory, although to a lesser 
degree than serine (Table 7). 

Of possible threonine metabolites and related 
compounds, lactate, «-oxobutyrate, a-hydroxy- 
butyrate, «8-dihydroxybutyrate, «-aminobutyrate 
and n-butyrate, when tested at a level equivalent to 
3 mg. threonine N/100 ml., were non-stimulatory; 
pyruvate, however, produced a definite stimula- 
tion, although it was less than that obtained using 
an equivalent amount of threonine. The stimu- 
latory effect of pyruvate was also observed in the 
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basal medium, growth is reduced to the same level as 
that obtained in the absence of both glucose and 
acetate, indicating that acetate is probably not 
utilized ; riboflavin synthesis is also reduced and to 
a much greater extent than is growth (Table 10). 
The mycelia produced under these conditions are 
almost completely white. 

A number of experiments have been carried out 
to see if these colourless mycelia produced in the 
absence of glucose would, as ‘washed suspensions’, 
synthesize riboflavin. Table 11 shows that ribo- 
flavin is synthesized (this is quite obvious even 
visually) in the presence of glucose and that 
synthesis appears to be slightly stimulated by the 
presence of adenine alone or adenine plus threo- 


Table 7. The effect of compounds related to serine on riboflavin synthesis in Eremothecium ashbyii 


Basal medium plus 4 mg. peptone N/100 ml. and equimolar amounts of possible serine precursors; 15 ml. medium; 


5-day cultures; temp. 28°; triplicate determinations. 


Riboflavin 
Dry wt. (mg.) (ug-/15 ml.) (g./100 g. 
Amount dry mycelium) 
Precursor added (mg./100 ml.) Mean Range Mean Range Mean 
None (control) — 9-2 7-4-10-8 52 40-60 0-57 
Glycine 37:5 11-8 10-6-13-6 68 65-70 0-58 
Sodium formate 25-0 8-0 7-6-10-6 50 45-55 0-62 
ag ; i 
Glycine +sodium formate a 10-2 8-9-11-6 61 57-65 0-59 
Ethanolamine hydrochloride 25-0 10-3 8-9-11-5 93 85-97 0-91 
DL-Serine 25-0 7-6 6-6-8-4 173 160-175 2-25 


Table 8. The effect of pyruvate on riboflavin synthesis in Eremothecium ashbyii 


Basal medium plus 4 mg. peptone N and either 3-5 mg./100 ml. L-threonine N (added as twice the amount of DL- 
threonine), an equimolar amount of pyruvate or 10 mg./100 ml. adenine N, separately or in combination; 15 ml. medium; 


5-day cultures; temp. 28°; triplicate analyses. 


Riboflavin 
Dry wt. of mycelium 
(mg.) (pg-/15 ml.) (g./100 g. 
Compounds added to dry mycelium) 
basal medium Mean Range Mean Range Mean 
None (control) 13-2 12-2-14-1 134 130-142 1-02 
Pyruvate 16-3 16-1-16-8 165 145-185 1-01 
Adenine 15-7 14-5-17-3 269 237-325 1-71 
pL-Threonine 18-5 17-2-19-8 230 205-245 1-25 
Pyruvate + adenine 16-9 15-8-18-1 329 290-365 1-95 
Pyruvate + DL-threonine 18-8 18-1—20-3 230 217-247 1-22 





presence of adenine but not threonine (Table 8). 
Acetate, on the other hand, examined at the same 
level was always slightly inhibitory and this was 
also apparent in the presence of threonine and 
adenine (Table 9; the high dry weights in this 
experiment are unusual). The inhibitory effect of 
acetate has been followed at different concentration 
and Fig. 7 shows that riboflavin production is 
progressively decreased although growth is un- 
affected. The final pH of the medium is slightly 
increased in the presence of acetate. Furthermore, 
when acetate completely replaces glucose in the 


nine, but not in the presence of threonine alone. 
The amounts of riboflavin synthesized are, 
however, so small compared with normal synthesis 
that this type of experiment appears at the moment 
to be of no great value. 


DISCUSSION 
Action of the 4:5-diaminopyrimidines 
The incorporation of adenine into riboflavin in E. 


ashbyii which is accompanied by the loss of C, 
(McNutt, 1954) cannot be the simple incorporation 
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Table 9. The effect of acetate on riboflavin synthesis in Eremothecium ashbyii 


Basal medium +4 mg. peptone N/100 ml. and plus 3-5 mg./100 ml. L-threonine N (added as twice the amount of 
pL-threonine) or an equimolar amount of acetate or 10 mg./100 ml. adenine N. Amount produced in 15 ml. medium; 
5-day cultures; temp. 28°; triplicate analyses. 





Riboflavin 
Dry wt. of mycelium - A + 
(mg.) (wg-/15 ml.) (g./100 g. 
Compounds added to os —_—_——a"—"—7 dry mycelium) 

basal medium Mean Range Mean Range Mean 
None (control) 20-2 19-2-21-4 156 150-167 0-77 
Acetate 25-7 20-6-29-3 96 2-105 0-38 
Adenine 19-8 18-0-21-6 221 190-260 1-11 
pL-Threonine 20-3 18-0-24-5 176 157-210 0-87 
Acetate + adenine 31-1 28-5-34-0 183 150-230 0-58 


Acetate + DL-threonine 32-7 27-2-36-6 169 132-185 0-51 


Table 10. Growth and riboflavin production in Eremothecium ashbyii in absence of glucose 


Basal medium +4 mg. peptone N/100 ml. with glucose either removed or replaced by anhydrous Na acetate (1% w/v); 
15 ml. medium; 5-day cultures; temp. 28°. 





Riboflavin 
A 
Dry wt. (mg.) (pg./15 ml.) (g./100 g. 
—_—"——_—_ 7 dry mycelium) 
Medium Mean Range Mean Range Mean 
Basal 13-9 12-6-14-9 77 67-85 0-56 
Basal without glucose 4-9 3-2-7-2 9 7-5-10-0 0-19 


Basal with acetate replacing glucose 2-4 1-0-3-4 7 5:0-8-5 0-26 
Table 11. Riboflavin produced by washed cells 
of Eremothecium ashbyii 


80 







Cells grown for 7 days on basal medium +4 mg. peptone 
N/100 ml. with glucose (1% w/v) replaced by sodium 
acetate (1% w/v), washed and resuspended for 48 hr. in 


12-0 













an = new media. 
= > Riboflavin 
S Pelee produced 
= 4 so =. Transfer media (ug-/15 ml.) 
= = g = Basal medium without glucose None detectable 
= 2“ > Basal medium 47, 40, 35, 35 
> c 
& = a Basal medium + adenine 52, 52, 60 
2 = (15 mg. N/100 ml.) 
< 20 40 = Basal medium + pL-threonine 33, 40 
(3 mg. N/100 ml.) 
Basal medium + adenine (15 mg. 67, 67 


N/100 ml.) + pt-threonine (3 mg. 
N/100 ml.) 











04 06 O8 10 20 or ribonucleotide) before either incorporation or 
Acetate (g./100 ml.) oxidation to the xanthine derivative. As adenine 
Fig. 7. The effect of the addition of acetate to the basal but not xanthine overcomes the inhibition, it 
medium on riboflavin synthesis and growth of EF. ashbyii. would seem that the reaction blocked was not 
Basal medium+4mg. peptone N/100ml. 115ml. adenine > xanthine, but a reaction common to 
medium, 5 day culture; temp. 28°. O, Dry wt.; @, both, perhaps the transfer of phosphoribose, with 
riboflavin; A, final pH; x, riboflavin concn. (g./100g. adenine but not xanthine being able to displace the 
dry wt.). inhibitor from the enzyme surface. 

; SS a The failure of the xanthine analogue (4:5- 
of the resulting 4:5:6-triaminopyrimidine into ribo- diamino-2:6-dihydroxypyrimidine) to stimulate 
flavin because this compound inhibits riboflavin — riboflavin synthesis would support the view that a 
synthesis. Two possible reasons for this are (a) ribityl or some similar derivative is concerned in 
adenine is first oxidized to xanthine, or (6) it is first flavin synthesis, although because of the in- 
converted into adenylic acid (or a related riboside _ stability of the analogue this conclusion cannot be 
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definite. Even taking all precautions probably little 
of the pyrimidine is actually presented to the 
organism. 

The inhibition of riboflavin synthesis but not 
growth by 4:5:6-triamino -2-hydroxypyrimidine, 
compared with inhibition of both growth and ribo- 
flavin by 4:5:6-triaminopyrimidine, indicates a 
different site of action of the two inhibitors and 
suggests that although the biosynthetic pathways to 
purines and rings B and C of riboflavin are similar 
they must differ at one stage at least. 


Action of aminopterin and azaxanthine 


The inhibition of growth of EZ. ashbyii by amino- 
pterin, which is counteracted by folinic acid, agrees 
with the established picture of the function of this 
inhibitor. Aminopterin appears to act in purine 
biosynthesis by inhibiting the incorporation of a 
one-carbon unit into C,, for Woolley & Pringle 
(1950) found that 4-amino-5-imidazolecarbox- 
amide (4(5)-amino-5(4)-carbamoylglyoxaline) (IIT) 
accumulated in aminopterin-inhibited cultures of 
Escherichia coli. No evidence has yet appeared that 
the probable acyclic precursor (IV), or its ribotide 
(Greenberg, 1953), of the imidazolecarboxamide 
also accumulates, although the insertion of C, to 
form the imidazole is also mediated through a one 
carbon fragment. This may, however, be due only 
to experimental difficulties. If increased riboflavin 
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synthesis in the presence of aminopterin is due to 
the shunt of a precursor (such as IV) common to 
both purines and riboflavin into the riboflavin 
channel, then it would appear (a) that insertion of 
C, in the purine was more sensitive to aminopterin 
than insertion of C,, (b) that perhaps IV combines 
with the o-xylene precursor of riboflavin to form V, 
and that the addition of C, to this compound is 
quite insensitive to aminopterin. Even if this 


explanation is not experimentally substantiated, 
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the effect of aminopterin again emphasizes that 
differences exist between the synthesis of purine 
and rings B and C of riboflavin. 

Azaxanthine acts in the opposite sense to amino- 
pterin in decreasing riboflavin synthesis but not 
growth; the separation of riboflavin from purine 
synthesis (growth) is again evident. The failure of 
azaxanthine to inhibit growth contrasts with 
its effect on Lactobacillus casei (Elion, Singer, 
Hitchings, Balis & Brown, 1953), but agrees with 
the report that it is of little value as a carcinostat 
(Hirschberg, Kream & Gellhorn, 1953). The 
observation that it inhibits adenine stimulation of 
riboflavin synthesis to a greater extent than that 
of xanthine is explicable on structural grounds, 
although Elion, Singer & Hitchings (1953) found 
adenine more effective than xanthine in reversing 
azaxanthine inhibition of the growth of L. casei. 


Possible metabolites of serine and threonine 


The ability of ethanolamine to stimulate ribo- 
flavin synthesis indicates that it may be converted 
into the same riboflavin-stimulatory fragment as 
serine. Glycine + formate, however, cannot do this. 

Of the metabolites of serine and threonine 
examined, only pyruvate stimulated flavinogenesis 
and its stimulation was less than that of equimolar 
amounts of the amino acids. As pyruvate was 
also effective in the presence of adenine but not 
threonine, these observations tend to confirm the 
suggestion that serine and threonine provide C 
units rather than C, N units for riboflavin synthesis 
(Goodwin & Pendlington, 19546). It remains for 
isotope studies finally to decide this point. 

Acetate is interesting in that although it is not 
apparently utilized for growth it does inhibit ribo- 
flavin synthesis. The reason for this isnot apparent : 
it may be related to its slight buffering action on the 
medium so that the final pH is around 6-0 instead 
of 5-0. The studies of Hickey (1953) would suggest, 
however, that riboflavin synthesis is not particu- 
larly sensitive to pH changes. The present results 
with acetate agree with the isotope studies of 
Klungsoyr (1954a) in which only 0-01% of the 
added acetate was recovered as riboflavin. Plaut 
(19546) does not record the efficiency of acetate 
incorporation into riboflavin in his experiments on 
the closely related A. gossypii. 


SUMMARY 


1. 4:5-Diamino-2:6-dihydroxy-, 4:5-diamino-2- 
hydroxy- and 4:5-diamino-2:6-dihydroxy-pyrimi- 
dine, at a level of 8 mg. N/100 ml., have little effect 
on either growth or flavinogenesis by Eremothecium 
ashbyii. 4:5:6-Triaminopyrimidine (I) inhibits 
growth and riboflavin synthesis equally (to about 
50-60%), whilst 4:5:6-triamino-2-hydroxypyrimi- 
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dine (II) inhibits riboflavin synthesis by about 
65 % but has little effect on growth. Compound (I) 
also inhibits riboflavin stimulation by adenine and 
xanthine and (II) that by xanthine only. 

2. Concentrations of aminopterin up to 2 yg./ 
100 ml. inhibit growth but stimulate flavinogenesis 
considerably. Higher concentrations inhibit growth 
and flavinogenesis equally. Stimulation of flavino- 
genesis by adenine and threonine was not affected 
by 20yg./100 ml. aminopterin but is somewhat 
inhibited by a level of 200 ng./100 ml. Folinic acid 
(leucovorin) is more effective than folic acid in 
overcoming the growth inhibition of aminopterin. 

3. Azaxanthine inhibits riboflavin synthesis but 
not growth in ZL. ashybii. Riboflavin stimulation by 
adenine is inhibited to a greater extent than that by 
xanthine. 

4. Alloxan and 4-amino-1:2-dimethyl-5-(D-1’- 
ribitylamino)benzene together do not stimulate 
flavinogenesis, although they react spontaneously 
in the culture medium to form, not riboflavin, but 
what is probably the related anil. 

5. 2-Amino- and 2-hydroxy-purine do _ not 
stimulate riboflavin synthesis markedly, whilst 
2-methyladenine and 2-methylxanthine have a 
somewhat greater effect. None of these affects 
growth, but the first two inhibit the stimulation of 
flavinogenesis by threonine. 

6. Pyruvate was the only non-nitrogenous com- 
pound related to serine or threonine which stimu- 
lated riboflavin synthesis. Ethanolamine, but not 
glycine + formate, was also active. EH. ashbyii does 
not grow on acetate alone and, in the presence of 
glucose, acetate considerably inhibits riboflavin 
synthesis. 

7. Washed colourless cells of H. ashbyii pro- 
duced by culturing in the absence of glucose 
synthesize small amounts of riboflavin. 
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Spectrophotometric Studies of the Cytochrome System of Heart Muscle 


By F. A. HOLTON 
Molteno Institute, University of Cambridge 


(Received 8 November 1954) 


Until quite recently, study of the cytochrome 
system has largely depended upon the use of the 
visual low-dispersion spectroscope. The classical 
observations of Keilin (1925) were made with this 
instrument, and many subsequent studies of respir- 
atory enzyme systems have been based on its use 
(e.g. Ball, 1938; Keilin & Hartree, 1939, 1940; 
Slater, 1949, 1950; Tsou, 1951). Effects such as the 





absence or presence of particular absorption bands 
under different conditions, or large differences in 
the kinetics of their appearance or disappearance 
may be satisfactorily investigated by this method. 
It has also been found possible to translate some 
of the effects observed into roughly quantitative 
terms by employing the double-wedge trough and 
optical system described by Keilin & Mann (1941). 
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While these methods have been valuable in estab- 
lishing many salient features of the cytochrome 
system, they prove inadequate for closer quanti- 
tative examination of cytochrome action, especi- 
ally for the detailed investigation of cytochrome 
kinetics. Optical methods clearly represent the 
most direct way of studying cytochromes, but the 
use of simple colorimetric methods has been 
hindered by the close association of cytochrome 
components with insoluble cell fragments, which 
form highly turbid suspensions. 

The development of photoelectric cells of high 
sensitivity has enabled a number of workers to 
follow cytochrome reactions in whole cells and 
tissues by spectrophotometric methods (Haas, 
1933; Urban & Peugnet, 1937; Baumberger, 
1939). Particularly important advances in this 
direction have been made recently by Chance 
(1952a-—c) and by Lundegardh (1952a, b, 1953). The 
special problems of spectrophotometric measure- 
ments with highly turbid materials have been 
overcome by these workers by using electrical 
recording of high sensitivity and stability. One 
purpose of this paper is to demonstrate that the 
high quality of commercially available spectro- 
photometers makes possible many similar obser- 
vations without the need of special apparatus. A 
simple technique is described for following the 
kinetics of cytochrome action in suspensions of 
heart-muscle sarcosomes (large granules, mito- 
chondria), and of the smaller particles of the succinic 
oxidase preparation of Keilin & Hartree (1947). 
Some of the results of Chance have been confirmed 
by this technique, and some new observations are 
also reported. 

The absorption bands of the cytochrome com- 
ponents are referred to in this paper by using the 
nomenclature of Keilin & Hartree (1939). For 
example, a,” « connotes the «-band of the reduced 
form of cytochrome a;, while cy refers to the 
y-band of the oxidized form of cytochrome c. 


MATERIALS AND METHODS 


Heart-sarcosome preparations. These were prepared from 
rat heart by the method of Cleland & Slater (19534), using 
the suspending medium containing 0-28m sucrose and 
001m ethylenediaminetetraacetic acid, pH 7-4. The final 
pellet of sarcosomes obtained from one or two hearts was 
resuspended in 1-3 ml. of the suspending medium by 
alternate sucking and blowing the fluid through a Pasteur 
pipette. The final suspension was kept at 0° until required. 
It was used within 1 hr. of its preparation. Its protein 
content was determined by the biuret method, as described 
by Cleland & Slater (19532). 

Blow-fly sarcosome preparations. These were kindly 
prepared by Dr S. E. Lewis, using the method of Lewis & 
Slater (1954), and were suspended in the same medium as 
was used for the heart sarcosomes. 
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Alcohol dehydrogenase. This was a sample of crystalline 
enzyme prepared from yeast and kindly supplied by 
Dr R. K. Morton. 

Succinic oxidase preparations. These were prepared from 
horse heart by the method of Keilin & Hartree (1947), and 
kindly supplied by Mr P. B. Scutt. 

Chemicals. Adenosine diphosphate (ADP) was prepared 
as described by Slater (1953). «-Oxoglutaric acid was a 
sample kindly supplied by Dr L. Levenbook. It contained 
less than 0-2 % (w/w) succinate, as measured manometric- 
ally with the Keilin & Hartree (1947) heart-muscle pre- 
paration. 

Other chemicals were of analytical grade obtained com- 
mercially, and were used without further purification. 

Estimation of diphosphopyridine nucleotide (DPN) in 
sarcosome preparations. This was carried out essentially by 
the method of Racker (1950). A normal sarcosome sus- 
pension (1-5 ml.) was deproteinized with perchloric acid 
(6-7 %, v/v). After centrifuging, the clear supernatant was 
neutralized with KOH and cooled in ice. The neutral 
solution was separated from the precipitated potassium 
perchlorate by decantation. A portion (2 ml.) of this solu- 
tion was placed in a 1 cm. cell and diluted to 2-9 ml. with 
pyrophosphate buffer (pH 9, final concentration 0-02m) 
and ethanol (free from aldehyde, final concentration 1-0). 
A portion (2 ml.) of a control solution, prepared in the same 
way from 1-5 ml. of sucrose/ethylenediaminetetraacetate 
suspending medium, was diluted similarly in a reference 
cell. A portion (0-1 ml.) of a freshly prepared solution of 
crystalline yeast aleohol dehydrogenase was then added to 
each cell and the resulting increase in extinction at 340 mp. 
in the test cell was followed with time in a spectrophoto- 
meter. This reaction was complete in 10 min., showing that 
all the cozymase present had been reduced. A solution of 
cozymase contained in a third cell was also completely 
reduced in this period. The amount of DPN present was 
calculated by using the molecular extinction coefficient of 
Horecker & Kornberg (1948). 


Spectrophotometric measurements 


Apparatus. Three different spectrophotometers were 
used, the Beckman DU model and the Hilger ‘Uvispek’ 
(H 700/302 and H'700/303) instruments. Experiments at a 
lowered temperature were carried out with the Beckman 
spectrophotometer by passing a rapid stream of tap water 
through the water jackets provided. 

The reproducibility of the measurements depended on 
the instruments remaining highly stable during the experi- 
ment. The measurements consisted of changes of extinction 
ranging from +0-02 to +0-18, occurring over a period of 
4-6 min., and it was important that the zero-setting of the 
instrument should not drift during this period to give an 
apparent optical density change of more than 0-002. These 
conditions could be obtained when working with the 
Beckman instrument by careful battery servicing, and 
when working with the Hilger instrument by avoiding 
those times of day when fluctuations in the mains voltage 
were severe. Regular maintenance of the desiccators was 
important with both instruments. 

Dilution media. At the beginning of the experiment the 
particle suspension was diluted in an appropriate medium 
in the optical cell. For the sarcosome suspensions these 
media were adjusted to be 0-32 osmolar, either with sucrose 
solution (‘sucrose medium’) or with KCl (‘saline medium’). 
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In addition they contained substrate (succinate, «-oxo- 
glutarate or B-hydroxybutyrate), ADP, MgCl, and suffi- 
cient KOH to neutralize the acid liberated by the inter- 
action of the MgCl, and the ethylenediaminetetraacetate 
introduced with the sarcosome suspension. Malonate was 
also often added in concentrations sufficient to inhibit suc- 
cinate oxidation when studying «-oxoglutarate oxidation. 
The concentrations of substrates, co-factors and inhibitors 
are indicated in the legends to figures. For experiments 
with the succinic oxidase preparation of Keilin & Hartree 
(1947) the dilution medium consisted either of 0-05m 
phosphate buffer, pH 7-3, or of sucrose-ethylenediamine- 
tetraacetate suspending medium, together with substrates 
and inhibitors where added. 

Basic procedure. The particle suspension was mixed with 
dilution medium in a cell of optical depth 0-1, 0-5 or 
1-0 cm. to give a final protein concentration of 2-10 mg./ 
ml. The extinction at 500 my. of such diluted suspensions 
when read against water was between 1-3 and 2-0. After 
stirring well with a glass rod, the time was noted and the 
cell was placed in the spectrophotometer, which was set 
initially at 445 my. After adjusting the zero-current (or 
dark-current) the shutter was opened, the extinction scale 
was set at a convenient value (e.g. +0-05) and a balance 
was obtained by adjusting the sensitivity control and the 
slit width. Readings of relative extinction were taken at 
intervals of from 6 sec. to 1 min., depending on the rapidity 
of the changes observed. 

After the changes of extinction due to reduction of the 
cytochromes had ceased, the wavelength was altered, the 
sensitivity re-adjusted and the suspension was aerated 
or oxygenated. With 0-5 and lem. cells, aeration was 
accomplished by vigorous stirring with a glass rod. How- 
ever, when working with a 0-1 cm. cell (volume 0-24 ml.), it 
was not possible to introduce sufficient oxygen by this 
method, since stirring was hampered by the dimensions of 
the cell. Instead, a reservoir of diluted suspension (1-5- 
2 ml.) was maintained at 1—-2° in a wide test tube under an 
atmosphere of oxygen. The sample of reduced suspension 
was returned to this reservoir by allowing it to flow down 
the cooled side of the tube, and a fresh aerated sample 
taken from the bulk of suspension and placed in the cell. 
The combination of a lowered temperature, oxygen atmo- 
sphere and a large surface allowed a higher concentration of 
dissolved oxygen to build up in the bulk of the suspension 
than could be achieved by stirring at room temperature. It 
was thus possible to study the aerobic steady-state for a 
longer period, or alternatively to work with suspensions of 
higher oxidase activity. This was particularly useful in 
studying the kinetics of changes of extinction associated 
with the succinic oxidase system of sarcosomes in the 
absence of inhibitors. 


RESULTS 


Observations with sarcosome suspensions 


Swelling artifacts with saline dilution medium. 
The extinction of sarcosome suspensions in saline 
medium remained steady until the addition of an 
oxidizable substrate, when rapid changes of ex- 
tinction occurred. Fig. 1 illustrates an experiment 
in which «-oxoglutarate in isotonic solution was 
added to the diluted suspension at time 0. Some- 
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times these changes were irregular at first but they 
always settled down to a steady decrease of ex- 
tinction after 1-2 min. The direction and rate of 
these initial changes were not altered with wave- 
length (cf. Fig. 1, curves A and B). They were thus 
due, not to a respiratory pigment, but probably to 
effects of the type studied by Cleland (1952) and 
attributed by him to swelling of the sarcosomes. 


Eas 
+0-08 


+0-06 


+004 





Swelling a 


+002 s 
reduction 










8 11 
Time (min.) 
—0-02 


Exo0 
+0-08 





Swelling 
+0-06 


+0-04 


+0-02 









4 6 8 


Time (min.) 








Pigment 
reduction 





Fig. 1. Extinction changes observed in suspensions of 
heart sarcosomes in isotonic saline medium on addition 
of «-oxoglutarate. Hilger spectrophotometer, model 
H 700/302. Optical depth 0-5 cm. Band-widths 0-46 mu. 
at 445 my., 1-46 mp. at 400 my. Cat-heart sarcosomes, 
2-6 mg. protein/ml. MgCl,, 0-005m; ADP, 0-00067m; 
a-oxoglutarate final concentration 0-004m added in 
isotonic solution in a volume of 0-045 ml. at time 0. 
Room temperature. Experiment RS/2. 


The initial decrease in extinction was followed 
after several minutes by a more rapid change of 
which both direction and magnitude were de- 
pendent on wavelength. This dependence at 
445 mp. and at 400 my. was characteristic of the 
effects to be expected from the reduction of cyto- 
chrome a;, and thus could be safely interpreted as 
being caused by the exhaustion of dissolved oxygen 
from the suspension, and the change of the cyto- 
chrome system from the aerobic steady-state to 
the reduced state. However, in’ saline suspension 
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medium, the quantitative study of this second 
change was impeded by the initial swelling effects, 
which were usually not complete before the pig- 
ments became reduced. This complication has also 
been noted by Chance (1952c) with liver mito- 
chondria and insect-muscle sarcosomes. 

Absence of swelling effects with sucrose medium. 
The changes of extinction caused by respiratory 
pigments alone were readily followed by using a 


0-16 
0-14 
0-12 


0-10 
445 mu. 


0:04 


0-02 


0-04 


0-02 


Min. 


Fig. 2. Extinction changes observed in an aerated sus- 
pension of heart sarcosomes in isotonic sucrose medium 
in the presence of succinate. Beckman spectrophoto- 
meter, model DU. Optical depth 0-5 cm. Band-widths 
8-7mp. at 445 mp., 94mp. at 415 mp. Rat-heart 
sarcosomes, 3 mg. protein/ml. MgCl,, 0-0046m; ADP, 
0-:00018mM; succinate, 0-0046mM; malonate, 0-003M. 
Suspension aerated by stirring at time 0. Room temper- 
ature. Experiment 54/18. 


suspension medium in which the total tonicity was 
contributed mainly by sucrose. Swelling effects 
preceding the anaerobic phase were either absent 
altogether or were small and soon ceased. Fig. 2 
shows typical results obtained with sucrose medium. 
The extinction in aerobic and in anaerobic sus- 
pensions remained steady, and the intervening 
rapid changes due to pigment reduction were thus 
easily measured. The absence of progressive 


t 
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changes in extinction caused by ‘spontaneous 
transformations’ of the sarcosomes (Cleland & 
Slater, 19536) was probably due to the use of 
ethylenediaminetetraacetate during their isolation 
(Cleland, 1952). All the further results with 
sarcosomes described below were obtained with 
sucrose suspension medium. 

Reversibility and reproducibility of extinction 
changes due to respiratory pigments. The sudden 
increase of extinction of 445 my. was largely due to 
the reduction of cytochromes a and a, as the con- 
centration of dissolved oxygen fell to zero (ef. 
Chance, 1952a). If when reduction was complete, 
more oxygen was dissolved in the suspension, the 
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Fig. 3. Reversibility and reproducibility of measurements 
of extinction changes associated with the change of 
respiratory pigments from an oxidized to a reduced state. 
Beckman spectrophotometer. Optical depth 1 cm. 
Band-widths from 5-7 to 6 my. Rat-heart sarcosomes, 
1-3 mg. protein/ml. MgCl,, 0-001M; ADP, 0-00005m; 
a-oxoglutarate, 0-0002M; malonate, 0-0002M. Suspen- 
sion aerated by stirring at times indicated by arrows. 
Room temperature. Experiment RS/5. 


cytochromes were re-oxidized to the aerobic 
steady-state and after a pause of from 10 to 60 sec. 
were reduced once more. The magnitude of this 
reversible change of extinction on reduction (AF)) 
was constant for a particular suspension at a 
particular wavelength, and the alternate oxidation 
and reduction could be carried out many times 
with the same suspension. Fig. 3 shows part 
of a typical experiment. Reversible changes of 
Bioch. 1955. 61 
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extinction at three different wavelengths are illus- 
trated. The wavelength was re-set and the extinc- 
tion scale adjusted to between 0-10 and 0-11 before 
each cycle of readings. 

The reproducibility of successive measurements 
of AE) was investigated in two experiments. From 
the results, the standard deviation for a single 
observation was calculated to be 0-003 unit of 
extinction. In those figures relating values of AF) 
to A or to the slit-width, vertical lines of length 
corresponding to 0-006 extinction unit have been 
drawn through points representing single measure- 
ments of AZ,. Where measurements were repeated, 
the mean value of AF, is plotted, and the vertical 
line represents the standard error of this mean 
value. These lines do not appear in Figs. 5 and 6, 
where the vertical diameter of the points as plotted 
corresponds to twice the standard error of single 
observations. Certain points in these figures 
should be smaller, since measurements were 
occasionally repeated and means taken. 

Figures illustrating changes of extinction with 
time have been plotted in a similar way, with 
vertical lines of length corresponding to 0-006 
extinction unit drawn through each individual 
measurement of H,. Where the figures illustrate 
only qualitative effects (Figs. 1-3) or where an 
independent test of significance has been applied 
to the results (Fig. 15), these vertical lines have 
been omitted for the sake of clarity. 

Effect of band-width. In order to achieve maxi- 
mum optical resolution, the slit-width employed 
was the minimum consistent with adequate sensi- 
tivity. With the Beckman spectrophotometer, the 
resultant band-width was usually between 5 and 
10 mz., the slit-width being decreased continuously 
from 0-5 mm. at 395 my. to 0-1 mm. at 600 mz. 
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Fig. 4. Influence of band-width on measured value of 


AEy;. Beckman spectrophotometer. Optical depth 
0-5cm. Rat-heart sarcosomes, 4-2 mg. protein/ml. 
MgCl,, 0-:003mM; ADP, 0-00014M; «-oxoglutarate, 


0-007M; malonate, 0-014m. Temperature 11°. Experi- 
ment 54/9. 
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Much better resolution was obtained with the 
Hilger instruments, with which a band-width of 
from 0-5 to 1:5 mu. gave sufficient sensitivity for 
quantitative measurements at wavelengths from 
400 to 450 my. The performance of the Hilger 
instruments in these studies of cytochrome action 
in highly turbid suspensions may be compared 
with that of Lundegardh’s apparatus (band-width 
from 0-17 to 1:9 my. between 400 and 450 mxz., 
Lundegardh, 1953), and of Chance’s instrument 
(Beckman monochromator, band-width from 1-5 to 
2-1 mp. between 400 and 450 mz., Smith, 1954). 

Increasing the band-width at the wavelength of 
a peak in the difference spectrum had the expected 
effect of decreasing the observed change of ex- 
tinction between aerobic and reduced steady- 
states. This is shown in Fig. 4 for a series of measure- 
ments at 445 my. The effect illustrates that the 
relative heights of the absorption bands in the 
difference spectrum (e.g. in Fig. 5) have only 
roughly quantitative significance, although as the 
band-width was never varied greatly throughout 
the spectrum in any particular experiment, the 
positions of the bands would not have been much 
affected. 

Effects of optical depth and of dilution. By 
studying the same suspension in cells of different 
optical depths, it was found that measurements of 
AE) did not vary according to Beer’s law. Observed 
values of AH, were proportionally greater in 
shallow cells. Dilution of a particular suspension at 
constant optical depth caused a decrease in the 
value of AH), which also deviated markedly from 
Beer’s law. More dilute suspensions gave propor- 
tionally smaller values of AF). 

Effect of wavelength, between 406 and 615 mp. The 
relation between the magnitude of the observed 
reversible changes of extinction and the wave- 
length at which they were measured is shown in 
Figs. 5 and 6. In Fig. 6 succinate was the reducing 
substrate, and in Fig. 5 «-oxoglutarate in the 
presence of an equal concentration of malonate to 
prevent effects caused by succinate formed during 
the experiment. The following features of the 
spectra may be noted. (a) A broad trough at 
405 mu. contributed by the y-bands of the oxidized 
forms of the three cytochrome components. (b) A 
sharp positive peak at 445 my. mainly due to 
reduced cytochrome a3. (c) A broad trough around 
480 my. which may include some contribution 
from flavoproteins, besides the negative contribu- 
tions of the cytochromes in this region. (d) Small 
peaks at 520, 550 and 605 muz., corresponding to 
the bands (b+ c)”8, c’« and a”a respectively. 

Both of these spectra resemble those obtained by 
Chance (1952a, c), in experiments using succinate 
and the heart-muscle preparation of Keilin & 
Hartree (1947). : 
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The shapes of the difference spectra were in- 
vestigated in greater detail around 445 my. and 
from 540 to 570 muy. Figs. 7 and 8 show typical 
results. The a,” y-band appears to be centred at 
445 my. A clear b” «-band is shown in Fig. 8. 

Effect of wavelength, between 320 and 445 mu. 
This spectral region was explored in a similar 
manner in order to seek for effects of endogenous 
pyridine nucleotide. The rapid increase of absolute 
extinction of the suspensions with decreasing 
wavelength made it necessary to work with a wide 
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Fig. 5. Difference spectrum (reduced minus aerobic 
steady-states) of a suspension of heart sarcosomes 
reduced by «-oxoglutarate in the presence of malonate. 
Beckman spectrophotometer. Optical depth 1cm. 
Band-widths 12-8 my. at 395 my., 11-7 my. at 445 my., 
16-6 mp. at 500 my., 21-8 mp. at 550 my, 35-5 mp. at 
625 my. Rat-heart sarccsomes 2-1 mg. protein/ml. 
MgCl, , 0-:002m; ADP, 0-0001; «-oxoglutarate, 0-002; 
malonate, 0-002m. Temperature 11°. Experiment RS/6. 
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Fig. 6. Difference spectrum of sarcosomes reduced by 
succinate. Band-widths 13-3 my. at 395 mp., 11-7 mp. 
at 445 my., 9-2 mp. at 490 my., 10-9 mp. at 550 myz., 
28-6mp. at 605mp. Succinate 0-007M; malonate 
0-0007m. Rat-heart sarcosomes 2-6 mg. protein/ml. 
Other conditions as in Fig. 5. Experiment RS/8 A. 
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slit (0-5-2-0 mm.) in this region of the spectrum. 
Observations were made with three different sub- 
strates at wavelengths ranging from 445 to 320 muz., 
keeping the slit-width constant for comparisons 
between substrates at each wavelength. The results 
of three experiments are summarized in Fig. 9. The 
difference spectra for succinate, «-oxoglutarate 
and f-hydroxybutyrate all become increasingly 
positive as the wavelength approaches 320 muz., 
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Fig. 7. Detailed difference spectrum of sarcosomes around 
445 mp. Band-widths from 11-5mp. at 442 my. to 
12-1 my. at 450 my. Temperature 12°. Other conditions 
as in Fig. 6. Experiment RS/8B. 
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Fig. 8. Detailed difference spectrum of sarcosomes around 
550-560 my. Band-widths from 0-71 my. at 545 my. to 
0-89 mp. at 566myp. Rat-heart sarcosomes, 22-7 mg. 
protein/ml. Succinate, 0-006m; malonate, 0-006m. No 
MgCl, or ADP. Other conditions as in Fig. 12. Experi- 
ment 55/1. 
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but values of AH) were distinctly more positive 
in this region with a-oxoglutarate and with f- 
hydroxybutyrate than with succinate. 
DPN-content of rat-heart sarcosomes. These 
estimations were carried out to see whether the 
sarcosomes contained sufficient bound DPN to 
account for the effects described in the preceding 
section. Two estimations carried out on different 
preparations gave results corresponding to 6-01 and 
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Fig. 9. Difference spectra of sarcosomes around 340 mp. 
Summarized data of three experiments in which two or 
three substrates were used in turn to reduce samples of 
the same suspension of sarcosomes. x, Succinate as 
reducing substrate; e, B-hydroxybutyrate as reducing 
substrate; 0, «-oxoglutarate as reducing substrate. 
Optical depth 0-5cm. Band-widths from 16 mp. at 
320 my. to 24-8 mp. at 350 mp. Rat-heart sarcosomes, 
from 2-1 to 3-5mg. protein/ml. $-Hydroxybutyrate 
0-01 M, succinate 0-01 M, «-oxoglutarate 0-005 Mm, malonate 
(in presence of succinate) 0-002M, malonate (in presence 
of «-oxoglutarate) 0-01m. Temperature 11—-12°. Other 
conditions as in Fig. 5. Experiments RS/15, 16 and 17. 
The s.p. for individual measurements of AF, corres- 
ponds to approximately one-quarter the radius of the 
open circles. 


6-04 pmoles of DPN/g. sarcosome protein. Thus the 
sarcosomes contained a similar amount of bound 
DPN to that found by Huennekens & Green (1950) 
in kidney and liver ‘cyclophorase’ preparations 
(5-6 and 2-4yumoles DPN/g. dry weight, respec- 
tively). 

It was calculated that under the conditions of 
the experiments summarized in Fig. 9, the bound 
DPN present would have given an extinction 
change at 340 my. of about + 0-05 when reduced, 
if it had been free in solution. This calculated value 
is in contrast to the difference of about + 0-015 
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observed between suspensions reduced by f. 
hydroxybutyrate and by succinate (Fig. 9). 

Effect of adding myoglobin solution on the kinetics 
and magnitude of extinction changes at 445 and 
433 my. Although the sarcosomes were well 
washed during their isolation, it was difficult to 
decide whether or not some of the observed results 
were due to haemoglobin or myoglobin, adsorbed or 
bound to the sarcosomes (see Discussion). In 
order to explore the conditions applying to normally 
suspended sarcosomes, the effect of adding in- 
creasing amounts of dissolved myoglobin to the 
suspensions was studied as follows. 

The supernatant fluid resulting from the first 
high-speed centrifuging during the isolation of the 
sarcosomes was slightly cloudy, and was clarified 
by re-centrifuging at 12 000g for 10 min. It con- 
tained myoglobin dissolved in isotonic suspension 
medium. After measuring changes of extinction at 
445 and 433 my. with the normally suspended 
sarcosomes, samples of this fluid were added to the 
suspension and the values of AE,,; and AE 43, were 
redetermined. The results of a typical experiment 
are shown in Fig. 10. It should be noted that ADP 
was omitted from the suspension medium in this 
experiment, in order to avoid the abnormal kinetic 
effects at 433 my. which were observed in its 
presence (see next section). 

The dilution caused by adding the myoglobin 
solution would be expected to decrease positive 
values of AE,. At 445 muy. this decrease was only 
partially cancelled by the positive contribution of 
the myoglobin colour change, since at 445 my. the 
difference spectrum (deoxygenated minus oxy- 
genated) of myoglobin is only slightly positive. 
Thus increasing quantities of myoglobin solution 
caused a net decrease in AE,,;. On the other hand, 
the large positive band at 433 my. in the myo- 
globin difference spectrum more than compensated 
for the dilution effect at this wavelength, and a 
large increase in the value of AZ,,, accompanied 
the addition of myoglobin solution. 

The kinetics of extinction changes were only 
slightly affected by the addition of myoglobin. 
With the largest amount added, which was 
sufficient to increase the value of AE,;, by about 
80%, there was some tendency for the steady- 
states to be attained more gradually, but there was 
no observable effect on the kinetics at the begin- 
ning of the change from the aerobic to the reduced 
steady-states. 

Effect of carbon monoxide on extinction changes. 
One experiment was carried out in which a gas 
mixture containing 5 % carbon monoxide and 95% 
oxygen was used to aerate the sarcosome sus- 
pension. When this mixture was substituted for 
100 % oxygen no changes resulted in the kinetics or 
magnitude of extinction changes either at 445 mp. 
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or at 433 my. However, when myoglobin was 
added to the suspension the new value of AZ,3, was 
sharply decreased by the carbon monoxide gas 
mixture. 

Kinetics of extinction changes due to respiratory 
pigments. The time-course of changes of extinction 
at most of the wavelengths studied followed the 
general pattern shown in Fig. 2. The first few 
readings obtained after oxygenation remained con- 
stant or very nearly so; later, rapid monophasic 
changes occurred as the pigments returned to the 
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reduced state. Extinction changes recorded at 
wavelengths between 430 and 435 my. did not 
follow this time-course. After oxygenating the 
sarcosome suspension the extinction measured at 
these wavelengths decreased continuously during 
the period corresponding to the aerobic steady- 
state observed at other wavelengths (Fig. 11, 
no DNP). The only other part of the spectrum at 
which similar effects were noticed was in the region 
560-565 mp. However, the total changes of 
extinction were smaller and hence less reproducible 


0-2 ml. added myoglobin 


Time (min.) 


Fig. 10. Effect of added myoglobin on changes of extinction observed in sarcosome suspensions. 1-1 ml. of a suspension 
containing normally suspended sarcosomes were diluted by successive additions of suspension medium containing 
myoglobin. Freshly oxygenated samples of the suspension at 2° were placed in the optical cell at room temperature 


at time 0. 


Hilger spectrophotometer, model H 700/302. Optical depth 0-1 em. 


Band-widths 1-04 my. at 433 mz., 


1:16 my. at 445 mp. Rat-heart sarcosomes, from 5-7 to 4-8 mg. protein/ml. No ADP, MgCl, or malonate. Succinate 


from 0-0023m to 0-0019M. Experiment 54/30. 
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at these wavelengths than in the region of the 
Soret bands, and these abnormal kinetic effects 
were not investigated further at 560-565 my. 

The dependence of these unusual kinetic effects 
on wavelength suggested that they were due to 
cytochrome 6 and/or to haemoglobin or myoglobin. 
In order to analyse them further it was necessary to 
work at a wavelength at or near an isosbestic point 
of cytochrome a;, since the difference spectrum of 
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changes of extinction observed at 445 mu. or at 
420 mu. At 430-435 my., however, the decrease of 
extinction after oxygenation was strikingly acceler- 
ated by DNP. In its presence a steady-state was 
reached within 6 sec. of re-oxygenating the sus- 
pension, in contrast to the long-lasting effects 
observed in its absence. The subsequent changes, 
corresponding to pigment reduction, were some- 
what slowed by DNP. 





Time (min.) 


Fig. 11. Effect of DNP on the kinetics and magnitude of extinction changes at 433 my. in sarcosome suspensions. 
Beckman spectrophotometer. Optical depth 0-5 cm. Band-widths 17-5 mp. at 445 my., 16-2 my. at 433 mp. Rat- 
heart sarcosomes, 4 mg. protein/ml. MgCl,, 0-:0032m; ADP, 0-00017M; succinate, 0-0017mM; DNP, 0-000084m; 
malonate (in absence of DNP), 0-0135m; malonate (in presence of DNP), 0-0084m. Suspensions aerated by 
stirring at time 0. Temperature 14°. Experiment 54/20. 


heart preparations in the near ultraviolet is domi- 
nated at all other wavelengths by changes of 
extinction due to this cytochrome component. The 
position of a suitable isosbestic point of particle- 
bound cytochrome a, at 435-2 mp. was determined 
in experiments with suspensions of the Keilin & 
Hartree heart-muscle preparation (see below). 

The effect of 2:4-dinitrophenol (DN P) (see Fig. 11). 
The addition of DNP (final concentration 10-4m) 
had no effect on the magnitude or kinetics of 


The effect of omitting ADP. If ADP were omitted 
from the dilution medium used to suspend the 
sarcosomes, the changes of extinction observed on 
re-oxygenation at 430-435 my. became rapid. The 
addition of ADP slowed them (Fig. 12). The 
kinetics observed at 445 my. were similar in the 
presence or absence of ADP. 

The marked effects observed in the presence or 
absence of a typical uncoupler of oxidative phos- 
phorylation (DNP) and of a phosphate acceptor 
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(ADP) suggested that the kinetics noted at 430- 
435 mp. might be connected with the ability of the 
sarcosomes to carry out oxidative phosphorylation. 
Similar experiments were therefore carried out with 
suspensions of the Keilin & Hartree heart-muscle 
preparation, which consists of particles that are 
incapable of oxidative phosphorylation although 
they possess a potent succinic oxidase system. 
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Fig. 12. Effect of ADP on kinetics of extinction changes in 
sarcosome suspensions. Hilger spectrophotometer, model 
H700/302. Optical depth 0-1 cm. Band-widths 0-94 mz. 
at 433 mu., 1-06 my. at 445 mu. No MgCl, or malonate. 
ADP (where added), 0-00011™; succinate from 0-0136m 
to 0-0125m. Freshly oxygenated samples of the sus- 
pensions at 2° were placed in the optical cell at room 
temperature at time 0. Experiment 54/32. 


Observations with the Keilin & Hartree 
heart-muscle preparation 


Reversible oxidation and reduction of cyto- 
chromes were readily observed in suspensions of 
Keilin & Hartree heart-muscle preparation. The 
particles were suspended in 0-1m phosphate buffer 
of pH 7-3, containing 0-025mM succinate as reducing 
substrate and 0-:025m malonate. The addition of 
these large amounts of inhibitor was necessary in 
order to decrease the oxygen-consuming activity 
sufficiently to allow several successive readings to 
be obtained of the extinction in the aerobic steady- 
state. 

Difference spectrum. Fig. 13 shows the difference 
spectrum in the near ultraviolet obtained in a 
typical experiment. It will be seen that the 


relative magnitude and direction of the changes of 
extinction at different wavelengths were similar to 
those found by Chance (1952a, c) with the same 
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material, and are also similar to those observed 
with sarcosome suspensions (cf. Fig. 6). 

Kinetics of changes of extinction. The kinetics of 
these changes differed from those obtained with 
sarcosomes in three respects: 

(1) At most of the wavelengths investigated the 
final approach to the reduced steady-state was 
more sluggish and a slow drift also sometimes 
occurred in the aerobic steady-state. In calculating 
values of AH, for the experiment illustrated in 
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Fig. 13. Difference spectrum of a suspension of Keilin & 
Hartree heart-muscle preparation reduced by succinate. 
Hilger spectrophotometer, model H 700/302. Optical 
depth 0-1 cm. Band-widths between 0-35 and 0-59 mu. 
Succinate, 0-025m; malonate, 0-015m. Oxygenation at 
2°, optical measurements at room temperature. Experi- 
ment 54/5. 


Fig. 13, these slow drifts were assumed to be due to 
some process other than rapid cytochrome re- 
actions, and their relatively small contribution to 
the magnitude of the more rapid changes was 
eliminated by extrapolation. 

(2) The speed of re-oxidation of reduced pig- 
ments absorbing at 430-435 mu. was no less rapid 
than at 445 mp. In both regions of the spectrum 
oxygenation caused a rapid decrease of extinction 
to yield a relatively steady value, characteristic of 
the aerobic steady-state, by the time the first 
reading was taken. 

(3) From 430 to 434 my. the changes of ex- 
tinction on reduction were biphasic, consisting of 
a rapid initial drop followed by the normal rapid 
rise usually observed at these wavelengths. These 
results are illustrated in Fig. 14. Comparison of 
these effects with the kinetics of extinction changes 
at 445 mu. in the same experiment shows that the 
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rapid drop of extinction occurs at the same time as 
the reduction of cytochrome a;, and is thus associ- 
ated with the exhaustion of oxygen. It should not 
be confused with the steady decrease of extinction 
at 433 mp. observed during the aerobic phase in 
sarcosome suspensions in the presence of ADP (cf. 
Fig. 12). The rapid fall of extinction at the beginning 
of the anaerobic phase (Fig. 14) probably occurred 
because the reduction of cytochrome a, began 
before that of cytochrome b (cf. Chance, 1952a). 
Its magnitude decreased progressively as_ the 
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wavelength was increased from 431 to 434 mz., 
while at 435 my. and at longer wavelengths the 
extinction changes became monophasic. 

This group of observations is most readily ex- 
plained by the existence of an isosbestic point of 
cytochrome a, around 435my. In Fig. 15, the 
magnitude of the observed initial negative change 
(AZ;) has been plotted against the wavelength at 
which it was observed. The regression between AE; 
and A was found to be significant at the 0-1 % level. 
Using this regression, the predicted value of A for 


433 mu. 
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Fig. 14. Kinetics of extinction changes between 431 my. and 436 mu. in suspensions of Keilin & Hartree heart-muscle 
preparation reduced by succinate. In addition, curve A illustrates the kinetics of extinction changes at 445 mp. 
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which AE; equals zero is 435-2 mu. (lying between 
435-7 and 434-7 my. with 95% confidence limits). 
If this phenomenon is caused by the reduction of 
cytochrome a;, it may be concluded that an isos- 
bestic point for particle-bound cytochrome a, 
occurs at or near 435 mp. 


AE\ 
0:03 


0-02 


0-01 


431 432 433 434 435 436 
Wavelength (my.) 

Fig. 15. Relation between wavelength and magnitude of 
the rapid initial drop of extinction on reduction in sus- 
pensions of Keilin & Hartree heart-muscle preparation. 
Conditions as in Fig. 14. Experiment 54/22. 


DISCUSSION 


The results described in this paper represent pre- 
liminary investigations into the possibility of using 
commercially available spectrophotometers for 
studying cytochrome reactions in highly turbid 
suspensions. Interpretation of the results is made 
clearer in several ways by the work of Chance, who 
has shown explicitly that wavelength-dependent 
changes of extinction occurring in oxygen-con- 
suming suspensions of heart-muscle particles begin 
only as the concentration of dissolved oxygen 
approaches closely to zero (Chance, 1952c). 
Difference spectra (reduced state minus aerobic 
steady-state) for the cytochromes of the succinic 
oxidase system of Keilin & Hartree heart-muscle 
preparation have been determined, and confirm in 
a general way Chance’s earlier observations 
(Chance, 1952a). Chance’s measurements of the 
degree of oxidation in the aerobic steady-state 
(Chance, 1952c) have not yet been repeated 
satisfactorily with these techniques. However, 
successful difference spectra have been obtained for 
the first time with sarcosome suspensions. They 
show that the general balance of cytochrome com- 
ponents in these phosphorylating particles is 
essentially similar to those in the smaller, non- 
phosphorylating particles of the Keilin & Hartree 
preparation. In particular, changes of extinction in 
the region of the Soret bands are dominated by the 
large contribution of cytochrome a, at 445 mp. 
This feature contrasts with the difference spectra of 
wheat roots (Lundegardh, 1953), in which cyto- 
chromes 6 and ¢ predominate. 
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No evidence was obtained in these experiments 
for bands in the difference spectrum of either type 
of heart preparation at 424, 540 and 575 muz., 
observed by Lundegardh in wheat roots and 
attributed by him to succinic dehydrogenase 
(Lundegardh, 1954). Although both heart pre- 
parations studied in this work possess a potent 
succinic dehydrogenase, the presence of Lunde- 
gardh’s pigment seems to be peculiar to wheat roots. 
The possibility should be kept in mind, however, 
that if this pigment were present in heart prepara- 
tions and were wholly or predominantly reduced in 
the aerobic steady-state, it would not become 
apparent in the difference spectrum (reduced 
minus aerobic steady-states). However, it would in 
this case be visible in the low-dispersion spectro- 
scope, but up till now it has not been observed in 
either type of heart preparation in this laboratory 
(Professor D. Keilin, private communication; 
Holton, unpublished observations). 

It is almost certainly not valid to use the data 
employed in constructing these difference spectra 
for calculating the absolute amounts of cytochrome 
components present in either of these particulate 
preparations. As might be expected from such 
turbid material, when the suspensions are diluted 
or examined in cells of different optical depths, the 
measured changes of extinction accompanying the 
cytochrome reactions do not vary according to 
Beer’s law. Multiple light-scattermg almost 
certainly occurs in these suspensions, causing the 
resultant mean light path to vary in a complex 
way with concentration, with the optical depth of 
the cell and with the angle between the incident 
and emergent beams. The changes of extinction 
observed thus probably bear no easily determined 
relationship to the amounts of particle-bound 
pigment present. 

Artifacts due to swelling and shrinking of the 
particles. Experiments with sarcosome suspensions 
in sucrose media containing ethylenediaminetetra- 
acetate showed that the extinction remained steady 
in the aerobic and in the reduced steady-states. 
This suggested that changes of extinction due to 
swelling artifacts were not present. The possibility 
has not been eliminated, however, that rapid 
changes of shape or size of the particles occurred 
simultaneously with the pigment changes. 

The occurrence of swelling effects in the presence 
of salts, and their absence in sucrose medium, 
suggested that the sarcosomes were establishing 
concentration gradients of movable ions between 
themselves and the suspending medium (Bartley & 
Davies, 1954). The maintenance of these gradients 
seems to depend upon oxidative phosphorylation 
(Macfarlane & Spencer, 1953; Price & Davies, 
1954), and thus might be expected to cause swell- 
ing and shrinking when oxygen or substrate is 
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exhausted or added. This effect was not studied in 
detail, since it represented a technical difficulty 
which was simply overcome by using sucrose— 
ethylenediaminetetraacetate medium. The absence 
of troublesome swelling effects in sucrose solutions 
may be because sucrose does not penetrate the 
sarcosomes rapidly (Cleland, 1952). 

The reduction of diphosphopyridine nucleotide 
(DPN) bound to sarcosomes. The most direct inter- 
pretation of the difference spectra observed in the 
320-340 mp. region with different substrates 
(Fig. 9) is that cytochrome components contribute 
positive changes of extinction to the spectrum at 
these wavelengths (observations with succinate as 
reducing substrate). The higher values of AE, 
observed at these wavelengths with both a- 
oxoglutarate and with £-hydroxybutyrate is 
probably due to the additional reduction of di- 
phosphopyridine nucleotide (DPN) bound to the 
sarcosomes. 

It is not known whether cytochromes (a+as) or 
heart-muscle cytochrome b possess absorption 
bands at these wavelengths, although cytochromes 
b,, f and c all show marked absorption bands at 
330, 330 and 316muyz. respectively (Appleby & 
Morton, 1954; Davenport & Hill, 1952; Theorell, 
1936). If the absorption spectra of particle-bound 
cytochromes (a+a3) and b at these wavelengths 
resemble those of other cytochromes, their bands 
may be expected to appear in the 320-340 muy. region 
of difference spectra, and could account for the 
spectrum observed with succinate as reducing 
substrate. 

It also seems reasonable to suppose that the 
more positive values of AE 339 349 obtained with «- 
oxoglutarate and B-hydroxybutyrate were due to 
the reduction in the sarcosomes of endogenous 
DPN. The dehydrogenases which activate these 
two substrates both utilize DPN as a hydrogen- 
acceptor (Gergely, Hele & Ramakrishnan, 1952; 
Green, Dewan & Leloir, 1937), while the sarco- 
somes contain more than enough bound DPN to 
account in this way for the results obtained. The 
discrepancy between the observed differences of 
AE 44) and that calculated from the DPN content 
could be explained if the DPN were only 25-50% 
oxidized in the aerobic steady-state, a situation 
recently observed by Chance (1954) in liver mito- 
chondria. In addition, the uncertainty attached to 
calculations of this sort has already been noted. 

The above interpretation of the difference 
spectra around 320-340 my. must be uncertain in 
the absence of data for the degree of reduction of 
the different cytochromes in the aerobic steady- 
state. Moreover, although the succinic oxidase 


system almost certainly does not include DPN, 
linkage of these two systems by Slater’s factor or 
by some other common respiratory catalyst may 
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provide a pathway of hydrogen-transfer enabling 
the reduction of endogenous DPN by succinate (ef. 
Slater, 1950). However, the oxido-reduction 
potential of the two systems in vitro is strongly 
opposed to hydrogen-transfer in this direction. If 
it occurs in sarcosomes, the free-energy change for 
the overall process would need to be modified by 
linkage to a simultaneous energy-yielding process, 
say a dephosphorylation reaction coupled with the 
hydrogen-transfer. 

Presence of haemoglobin and/or myoglobin. De- 
tailed interpretation of the difference spectra and 
the kinetics of the observed changes of extinction 
depends on knowing which respiratory pigments 
were involved. Spectroscopic and spectrophoto- 
metric observations indicated that for sarcosome 
suspensions reduced either by succinate or by «- 
oxoglutarate these pigments included cytochromes 
a, a3, b and c. It was difficult to eliminate the 
possibility that small amounts of an oxygen- 
carrying pigment such as haemoglobin or myoglobin 
were also present in the suspensions. Pigments in 
solution were removed by thorough washing in the 
centrifuge, but the possibility remained that 
haemoglobin or myoglobin was adsorbed on the 
particles or bound to them as part of their organized 
respiratory enzyme systems (cf. de Duve, 1948). 
Chance (19526) considers that as haemoglobin is 
removed from a suspension of Keilin & Hartree 
particles, his ‘figure of merit’, K, (= AE 44;/AE43), 
should rise to a maximum of 6, which value indi- 
cates complete absence of haemoglobin. This 
criterion is clearly of little value for results obtained 
with different apparatus, and, in the case of heart 
sarcosomes, with different material. The absence of 
any precise indication of the band-width employed 
by Chance in his studies also makes quantitative 
comparison with his results difficult. Values of K;, 
ranging from 1-9 to 36 were observed in a series of 
experiments employing a variety of different condi- 
tions. Some typical results are summarized in 
Table 1. The low value of K, observed with 
Calliphora sarcosomes is particularly striking, and 
may reasonably be ascribed to a large relative 
contribution of cytochrome 6 rather than to the 
presence of haemoglobin. 

Another diagnostic test for the presence of 
haemoglobin which is mentioned by Chance 
(19526) is to note the concentration of dissolved 
oxygen at which changes from the aerobic to the 
anaerobic steady-state begin to occur. Since 
haemoglobin possesses a considerably lower oxygel 
affinity than cytochrome oxidase, its deoxygena- 
tion should begin before the reduction of the cyto- 
chromes, as the oxygen concentration is pro 
gressively decreased. In the absence of measure- 
ments of oxygen concentration, it has not been 
found possible to apply this test in the experiments 
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reported here. It should be noted, however, that 
the test is of doubtful value for detecting the 
presence of myoglobin, which has a much higher 
oxygen-affinity than haemoglobin. Experiments 
with sarcosome suspensions showed that the 
kinetics of extinction changes due to cytochromes 
were only slightly altered by the presence of 
amounts of dissolved myoglobin sufficient to 
change the value of AE,,, by 80-90%. The main 
effect of added myoglobin was to slow down the 
approach to the fully anaerobic steady-state, 
rather than to alter the kinetics at the beginning of 
the reduction phase of the extinction changes 
(Fig. 10). The kinetic behaviour of particle-bound 
myoglobin may be somewhat different from that of 
the dissolved pigment, but these results illustrate 
the difficulty of detecting its presence simply by 
examining the kinetics of extinction changes. 
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insoluble lipo-protein structure affects their ab- 
sorption spectra. Correlation calculations of the 
type described by Lundegardh (1953) have been 
carried out using the results presented in this 
paper, together with the data given by Theorell 
(1936) for cytochrome ¢ and by Smith & Stotz 
(1954) for cytochromes (a+a;). These calculations 
showed that whatever relative proportions of these 
pigments were assumed, the observed difference 
spectrum included, in addition, a large positive 
contribution around 430 my. (Holton, 1954). This 
applied to difference spectra of sarcosome sus- 
pensions reduced either by succinate or by «- 
oxoglutarate. It was not possible to be sure 
whether all of this band was contributed by re- 
duced cytochrome b, which possesses an absorption 
band near this wavelength (Keilin & Hartree, 
1939; Hiibscher, Kiese & Nicolas, 1954), or whether 





Table 1. Values of K,=(AE4,;/AE433), for various materials and conditions 


Band-width Reducing 
Experiment Instrument (mu.) Enzyme preparation substrate K, 
RS 19 Beckman 7- Rat-heart sarcosomes «-Oxoglutarate 17-5 
RS 19 Beckman 7-8 Rat-heart sarcosomes Succinate 36 
54/5 Hilger 302, glass prism 1-1-2 Keilin & Hartree preparation Succinate 7-4 
54/30 Hilger 302, glass prism 1-1-2 Rat-heart sarcosomes Succinate 3-7 
RS 22 Beckman 6-7 Calliphora sarcosomes Succinate 1-9 


However, the experiment with a gas mixture 
containing 5% carbon monoxide showed that 
values of AE,,, were not affected by substituting 
this mixture for oxygen when aerating the sarco- 
some suspension. If haemoglobin or myoglobin had 
contributed appreciably to the reversible extinc- 
tion changes, their contribution would have been 
cancelled by their combination with carbon mon- 
oxide, and the observed value of AE,,, would have 
been decreased accordingly. Added myoglobin 
was shown to behave in the expected manner. 
Since the effect of these pigments would be particu- 
larly large at 433 myu., it seems likely that the 
cytochromes were mainly responsible for the ob- 
served difference spectra throughout the wave- 
length range investigated, and that haemoglobin or 
myoglobin caused negligible interference. 

Relative contributions of various respiratory 
pigments to observed difference spectra. While the 
complex optics of turbid suspensions does not 
allow calculation of the absolute amounts of 
respiratory pigments present from difference 
spectra, some information can be gained as to the 
relative contributions of different pigments at 
particular wavelengths. Precise calculations are 
not possible, owing to the lack of unequivocal data 
for the difference spectra of pure cytochrome com- 
ponents (cf. Lundegirdh, 1953), and because it is 
not known how the binding of these pigments in an 


a small contribution arose from reactions of bound 
haemoglobin or myoglobin, which also have 
intense bands (deoxygenated minus oxygenated) in 
this region of the spectrum. Cytochrome 6b must 
have made a certain contribution at 430-435 my. 
since visual spectroscopic observations showed that 
it was being reduced in these suspensions. Effects 
of ADP and of DNP on the kinetics of extinction 
changes at these wavelengths are more likely to 
have been due to actions on a respiratory pigment 
linked to phosphorylation (cf. Chance & Williams, 
1954; Chance, 1954), rather than to actions on an 
oxygen-carrier, and it will be assumed in what 
follows that cytochrome b, and not haemoglobin or 
myoglobin, is the pigment involved in these 
kinetic effects. 

The actions of ADP and of DNP on the kinetics of 
changes of extinction at 430-435 my. The influence 
of these two reagents on the kinetics of extinction 
changes in sarcosome suspensions seems to be 
confined to the spectral region where cytochrome b 
yields the greatest contribution to the difference 
spectrum; since both reagents have specific 
actions in oxidative phosphorylation reactions, it 
would appear that the respiratory pigment whose 
reaction kinetics are most manifestly affected by 
simultaneous phosphorylation is cytochrome b. 
Lundegardh (1953) has come to a similar con- 
clusion from his studies on the action of DNP on the 
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cytochrome system of wheat roots. Chance & 
Williams (1954) and Chance (1954) have also 
reported that the presence or absence of ADP 
affects particularly the oxidation/reduction balance 
of cytochrome 6 in respiring liver mitochondria, 
while the other cytochromes are but little affected. 

In the work reported here, the rates of extinction 
changes at 433 my. in freshly aerated suspensions 
of heart particles have been studied under four 
different sets of conditions: 

(1) In the preparation. of Keilin & Hartree, re- 
oxidation to the aerobic steady-state is rapid. 

(2) In sarcosomes in the presence of ADP and 
DNP, reoxidation is rapid. 

(3) In sarcosomes in the absence of added ADP, 
reoxidation is rapid. 

(4) In sarcosomes in the presence of freshly 
added ADP, reoxidation is slow. 

These results suggest that in an actively phos- 
phorylating preparation cytochrome b is reduced 
rapidly in relation to its rate of oxidation, while in 
an uncoupled system, or one in which phosphoryla- 
tion is absent or is impeded by the lack of a phos- 
phate acceptor, cytochrome b is reduced slowly in 
relation to its oxidation. These results do not 
indicate whether the observed effects could be due 
to variation in the rate of reduction of the pigment, 
or variation in the opposite direction in the rate of 
its oxidation, or both. However, it is known that 
the respiration of phosphorylating oxidase systems 
is decreased when phosphate acceptors are absent, 
and is increased again by the addition of an 
acceptor system or of a decoupling agent (Lardy & 
Wellman, 1952). If the actions of ADP and of DNP 
in these experiments are assumed to represent part 
of the same phenomenon, we may conclude that in 
an integrated cytochrome system the rate of re- 
duction of cytochrome b is more rapid in the 
presence of simultaneous phosphorylation than in 
its absence. 


SUMMARY 


1. A technique for studying cytochrome re- 
actions in turbid suspensions of heart-muscle 
particles by using commercially available spectro- 
photometers is described. 

2. Beer’s law does not apply to measurements of 
the reversible change of extinction associated with 
the oxidation and reduction of cytochromes in 
heart sarcosomes, using this technique. 

3. Difference spectra (reduced minus aerobic 
steady-states) of heart sarcosomes and of Keilin 
& Hartree heart-muscle preparation have been 
determined in the presence of succinate as reducing 
substrate. They are closely similar. 

4. The difference spectrum of heart sarcosomes 
reduced by «-oxoglutarate resembles that obtained 


with succinate. 
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5. Difference spectra of heart sarcosomes re- 
duced by different substrates suggest that the 
cytochromes contribute positive absorption bands 
between 320 and 340 muy., and that in addition 
endogenous diphosphopyridine nucleotide is re- 
duced by f-hydroxybutyrate and by «-oxoglu- 
tarate, but not by succinate. 

6. The kinetics and magnitude of extinction 
changes at 433 and at 445 my. in sarcosome 
suspensions to which myoglobin is added suggest 
that the presence of myoglobin in sarcosome sus- 
pensions cannot be detected with certainty by 
examining the kinetics at 433 mp. 

7. Carbon monoxide in low concentration does 
not affect the kinetics or magnitude of reversible 
extinction changes at 445 my. or at 433 my. in 
sarcosome suspensions. 

8. The kinetics of extinction changes at 430- 
435 mp. in sarcosome suspensions are strongly 
affected by the presence of 2:4-dinitrophenol and by 
adenosine diphosphate. This confirms observations 
by other workers that the reactions of cytochrome 
b are particularly affected by coupled phosphoryla- 
tion. It is suggested that cytochrome b is reduced 
more rapidly in the presence of simultaneous oxida- 
tive phosphorylation than in its absence. 

9. The results presented are compared and con- 
trasted with similar observations obtained by 
other workers with specially designed apparatus. 


This work was carried out on behalf of the Agricultural 
Research Council. I am much indebted to Dr E. C. Slater, 
who suggested these studies to me, and has promoted them 
by helpful discussion and advice. I am also grateful to 
Professor D. Keilin, F.R.S., and to Dr Lucile Smith for 
constructive criticism, to Dr R. C. Campbell for help with 
statistical analysis, and to Miss E. Knight and to Miss A. 
Searle for technical assistance. 
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Anticonvulsants and the Metabolism of Separated 
Mammalian Cerebral Tissues 
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Anticonvulsants can prevent the occurrence in the 
brain of living animals of events associated with 
convulsive activity. These events include new 
patterns of electrical activity and a group of meta- 
bolic changes. The metabolic changes include the 
depletion of labile phosphates and increase in 
energy-yielding reactions which are associated with 
enhanced activity in several excitable tissues. 
When increase in respiration in cerebral tissues is 
induced by electrical pulses of certain character- 
istics, it can be antagonized by several anticon- 
vulsants (Forda & MclIlwain, 1953). Also, some 
anticonvulsants affect acetylcholine metabolism by 
cerebral tissues (McLennan & Elliott, 1951). 

These observations have given assurance that 
anticonvulsants can have direct cerebral effects 
rather than that they act primarily elsewhere in the 
body (a matter previously in doubt; see, for 
example, Staple, 1951). They leave unknown, 
however, the primary point of action of the drugs, 
for many mechanisms can be envisaged for inter- 
ference with response to applied pulses and with 
acetylcholine metabolism. Present studies were 
directed to finding such a point of action for 
clinically valuable anticonvulsants, several of 
which are related in structure (Toman, 1949). 


* Previously O. Forda. 


Fig. 1 includes the formulae of substances studied 
in the present work and illustrates this point. 





NH——CO 











NH ———CR,R, O———CR,,R, 
| | 
| | 
CO CR,R, co co 
| | | 
NH——CO R,N— CO R,N————CO 
Barbiturates Hydantoins Oxazolidine 
diones 
NH, COOH HN——PO,H, NH, 
| | 
| CH, 
CO | HN—C COOH HN=C 
| 
| Gu, | 
| | | 
NH——CH——COOH CH,;—N——CH, NHR 
Ureidoglutamic acid §Phosphocreatine Guanidines 


Fig. 1. Some compounds examined. Barbiturates: pheno- 
barbitone, R, =ethyl, R,=phenyl; butobarbitone, R,= 
ethyl, R,=n-butyl. Hydantoins: R,=R,=phenyl and 
R,=H, diphenylhydantoin; R,=ethyl, R,=phenyl, 
R,=methyl, methoin. Oxazolidinediones: R,, R, and 
R,=Me, trimethadione. Guanidine: 

R =—(CH,),)NH.-C(NH)NH,, 


decamethylenediguanidine (synthalin). 
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EXPERIMENTAL 


Materials 


Tissues were mainly the grey matter from the cerebral 
hemispheres of rats and guinea pigs, prepared and studied 
as described by McIlwain (1951a, 6) and McIlwain, Buchel 
& Cheshire (1951), where details of experimental solutions 
are given. Salines employed in the present work contained 
Ca salts at 2-6 mM. 

Drugs were of the standards of the British Pharmaco- 
poeia (1953) or the British Pharmaceutical Codex. Tri- 
methadione was obtained -from Abbott Laboratories, 
diphenylhydantoin from British Drug Houses Ltd., buto- 
barbitone from May and Baker Ltd. and 5-ethyl-3-methy]l- 
5-phenylhydantoin (methoin) from Sandoz. The molarities 
of the drugs recorded express their concentrations in the 
incubating medium surrounding the slice in the vessel. This 
is achieved, unless otherwise stated, by dissolving the 
substance in a suitable portion of the saline used in other 
vessels of the same experiment. In most cases 3-5 ml. of 
this solution were pipetted into vessels which later received 
40-80 mg. of tissue. A different arrangement is described 
for some of the experiments of Table 1 and of Fig. 2. 


Methods 


Glutamic acid. Glutamic acid in cerebral tissues was 
determined by procedures similar to those of Stern, 
Eggleston, Hems & Krebs (1949). After incubation, slices 
of about 120 mg. were drained briefly from fluid, dropped 
into 2-5 ml. 0-4N-HCl in a homogenizer tube already cooled 
in an ice bath, and suspended in the acid with the homo- 
genizer pestle. The fluid from the experimental vessels was 
also made 0-4N with respect to HCl. The acid solutions 
were left in a refrigerator until immediately before analysis, 
which was carried out manometrically using the decarboxy- 
lase of Clostridium welchii SR. 12 (Gale, 1945; Krebs, 1948). 
To the cerebral extract, 0-2 ml. 3m acetate buffer of pH 4-9 
and 0-5 ml. 2n-NaOH were added; pH was checked and 
found to be 4-9, and 2 ml. of this solution was used for the 
determination. The fluid from metabolic experiments was 
similarly prepared. It was found that the cerebral extracts 
and the drugs employed did not interfere with the deter- 
mination of glutamic acid and that, with the batches of 
organisms prepared, 1 mole of both glutamine and glutamic 
acid yielded 1 mole of CO,. 

Lactic acid. This was determined by the method of 
Barker & Summerson (1941) in samples removed from the 
vessels at the end of the experimental period. In aerobic 
experiments, adequate aeration of the tissue was main- 
tained until the removal of the samples, which were 
pipetted into 4% (w/v) CuSO, ,5H,O. 

Inorganic and creatine phosphates. In the experiments of 
Fig. 2, slices of cerebral cortex weighing approximately 
100 mg., held in electrode holders (Heald, McIlwain & 
Nelligan, 1954), were placed in beakers containing 5 ml. 
saline. The beakers were kept at 37° in a water bath. 
Through a narrow polythene tube oxygen was bubbled 
continuously to aerate and circulate the saline. To some 
slices, electrical pulses were applied at chosen periods. At 
the end of the required period the holders, one by one, were 
quickly removed from the beakers, the slice was released 
into 4 ml. ice-cold 10% trichloroacetic acid and ground. 
The trichloroacetic acid mixtures were centrifuged and 
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neutralized with NaOH; 0-5 ml. 10%, w/v, CaCl, saturated 
with Ca(OH), was added, and precipitation of the inorganic 
phosphate was allowed to proceed for 10 min. The sus- 
pensions were then centrifuged strongly and the super- 
natants used for creatine phosphate estimation. The 
Berenblum & Chain (1938) method modified by Long 
(1943) was applied in estimating both fractions. 

Respiration. Respiration and anaerobic formation of 
acid were measured manometrically by conventional 
methods except when applying electrical pulses when 
electrode vessels with grid electrodes were used (Ayres & 
MclIlwain, 1953). 

Electrical pulses. Electrical pulses and currents were 
derived from and applied to the tissue by the apparatus 
described by Ayres & McIlwain (1953). Condenser pulses 
were alternating; the potential quoted is the peak of an 
individual pulse. With alternating current, the potential 
quoted is the virtual voltage. An experiment usually 
comprised six vessels containing slices of cerebral cortex 
from the same experimental animal. When electrical pulses 
were to be applied to any vessels of an experiment, all 
slices, whether or not they were to receive the pulses, were 
between similar electrodes. The variation in the degree of 
response among different individual electrodes has been 
determined and is not large (Ayres & McIlwain, 1953), but 
to eliminate this factor experiments were arranged in pairs 
in which vessels with and without added drug (or other 
agent studied) were exchanged. When a standard deviation 
is quoted, it refers to all results regarded individually, but 
in assessing the significance of the effect of an added agent 
the grouping of the experiments has been taken into 
account. Thus in deriving P values there is compared a 
series of averages of results in two vessels without the agent, 
with a series of averages in the same two vessels with the 
agent. 


RESULTS 


Glutamic acid 


Glutamic acid is concerned with ion transport and 
with the metabolism of ammonia in cerebral tissues; 
both these are relevant to convulsive processes and 
glutamic acid can affect the electroshock threshold 
of experimental animals in certain situations 
(Davenport & Davenport, 1948; Richter & 
Dawson, 1948). Some aspects of the metabolism of 
glutamic acid which were examined in the present 
experiments are recorded in Table 1. Assimilation 
of the acid by cerebral tissues was followed in the 
presence and absence of anticonvulsants, for 
assimilation is associated with changes in potassium 
salts. It was not, however, affected by quite high 
concentrations of trimethadione or of methyl- 
ethylphenylhydantoin. Relatively low concentra- 
tions of glutamic acid were employed in these 
experiments, and in some the tissue was extracted 
before maximal assimilation had been reached in 
order to give scope for action of the added sub- 
stances. 

After these experiments less glutamic acid (plus 
glutamine) was recovered than had initially been 
added. The acid ‘metabolized’ (Table 1) was 
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presumably oxidized or bound to the tissue, but the 
quantity so changed was not appreciably affected 
by the drugs. Experiments comparable to those of 
Table 1 were carried out with glutamine as sub- 
strate, but again the drugs were without action. 
Uramidoglutaric acid has proved important in 
aspects of glutamic acid and ammonia metabolism 
(Grisolia & Cohen, 1951) though not in the brain. 
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(Elliott & Henderson, 1949). These findings and the 
structural relationship indicated in Fig. 1 prompted 
study of the possible interaction of guanidines with 
anticonvulsants. Stimulation of the respiration of 
cerebral cortex, noted by Dickens (1939) in bi- 
carbonate-buffered media, was confirmed but was 
not always found in phosphate-buffered media, and 
lactic acid formation in these media was also less. 


Table 1. Summary of processes found unaffected by anticonvulsants 


Experiments A were with guinea pig cerebral cortex in phosphate-buffered salines. Glutamic acid was added at 6 mm; 


without this addition, the tissue contained very little glutamic acid. Experiments B employed vessels containing about 
0-4 g. of guinea pig cerebral cortex in 15 ml. glycylglycine-buffered salines; glutamic acid was at 20 mm. Rat cerebral 
cortex behaved similarly. Some of experiments C and D, giving the higher values quoted, were with rat cerebral cortex in 
bicarbonate-buffered salines; others were with the rat or guinea-pig tissue in phosphate buffers. 


Typical values Anticonvulsants examined 
(u=pmoles/g.) (mm) 
22-30 u | Methoin, 3-3 

5-10 u/hr. | Trimethadione, 3-3 and 10 


Measurement 
(G, glucose as substrate; GA, glutamic acid) 


A. Glutamic acid content, G+GA 
Glutamic acid metabolized, G+GA 


B. Respiration, G 63-67 u/hr. Methoin, 0-06, 0-1 
Respiration, GA 72-81 u/hr. Trimethadione, 3-3, 13-3 
Inorganic phosphate content, G 3-3-3-6 u 
Inorganic phosphate content, GA 4-8-5:3 u : sae ‘ 
Creatine phosphate content, G 1-2-1-5 u Dighenythydantoin, 006, 01 
Creatine phosphate content, GA 0-3 u 


C. Respiration, G, stimulated by: 
Guanidine, 0-2, 0-8 and 1 mu 
Synthalin, 5 and 8um 
KCl, 50 mm 
2:4-Dinitrophenol, 50 um 

D. Lactic acid formation, G, stimulated by: 
Guanidine, 0-2, 0-8 and 1 mm 
Synthalin, 5 and 8 um 
KCl, 50 mm 
2:4-Dinitrophenol, 50 um 


Because of structural relationships with anticon- 
vulsants (Fig. 1) its possible breakdown by cerebral 
slices and suspensions was examined by determining 
ammonia and glutamic acid after incubation in the 
presence of uramidoglutaric acid. Changes found 
were small and unaffected by anticonvulsants. 

Previous experiments (see also below) have 
shown that trimethadione and diphenylhydantoin 
are without appreciable effect on the respiration of 
cerebral tissues as ordinarily measured with glucose 
as substrate. This was found to be the case also 
when glutamic acid served as oxidizable substrate 
(Table 1). 


Anticonvulsants and aerobic respiration and 
glycolysis stimulated by added substances 


Guanidines. Guanidine itself and also poly- 


methylenediguanidines increase cerebral respira- 
tion and glycolysis (Dickens, 1939). Guanidine can 
cause convulsions through action at the neuro- 
muscular junction (Minot, 1931). Its blood level 
was believed to be increased in epilepsy (Murray & 
Hoffman, 1940), though this is probably not so 


63-122 u/hr. 
74-105 u/hr. 
116 u/hr. 
130 u/hr. 


Trimethadione, 1, 2 


60-170 u/expt. 

60-120 u/expt. 

60-68 u/expt. 
100-120 u/expt. 


Diphenylhydantoin, 0-1 


Trimethadione and (where examined) diphenyl- 
hydantoin were without effect on respiration and 
lactic acid formation in the presence of the 
guanidines (Table 1). Concentrations of guanidines 
were chosen which were minimal for bringing about 
appreciable increases in respiration and glycolysis, 
and the concentrations of anticonvulsants were 
equal to or higher than those effective therapeutic- 
ally. This enabled concentrations of trimethadione 
to be examined which were equal to or ten times 
higher (mole/mole) than guanidine and up to 400 
times higher than the diguanidine. In addition to 
the values quoted in Table 1, the guanidines were 
observed increasingly to inhibit oxygen uptake and 
CO, output after the first hour of such experiments. 
The anticonvulsants were without effect on the 
course or extent of such inhibition. 

Potassium chloride and 2:4-dinitrophenol. These 
alter the respiration and glycolysis of separated 
cerebral tissues (Dickens & Greville, 1935; Ashford 
& Dixon, 1935), and also their inorganic and 
creatine phosphates (McIlwain & Gore, 1951; Gore 
& MclIlwain, 1952) in the fashion in which 


64 


convulsants change these characteristics in the brain 
in vivo. Concentrations of the agents which were 
minimal for near-maximal change in respiration and 
glycolysis were examined and their effects found 
to be unaltered by trimethadione and diphenyl- 
hydantoin (Table 1). 


Anticonvulsants and the aerobic metabolism 
of electrically stimulated tissues 


Respiration and glycolysis. Tables 1 and 2 show 
trimethadione, methoin and diphenylhydantoin to 
be without effect on the normal respiration and 
glycolysis of guinea pig cerebral cortex with glucose 
as substrate. The concentrations employed are 
estimated to be effective in anticonvulsant action 
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electrical pulses. This conclusion must be qualified 
by the observation that the increase in lactic acid 
formation in the present experiments has been 
smaller and more variable than that in respiration. 
During experiments with 0-1 mm diphenylhydan- 
toin the increase in respiration with currents of 
2000 cyc./sec. in the absence of drug was 63+ 5% 
of the unstimulated value, and with the drug was 
9+2% (2% and similar values are standard 
deviations derived from groups of experiments). 
Corresponding values for lactic acid formation 
were 18+20% and 234+ 25%. With 0-4 mm di- 
phenylhydantoin values were 29+10% without 
and 38+18% with the drug, and with trimetha- 


dione 364+17% and 21+12%. As indicated in 


Table 2. Anticonvulsants on respiration and lactic acid formation 
during application of sine-wave alternating currents 


Each experiment usually involved six vessels with slices of cerebral cortex from the same animal in the electrodes H of 
Ayres & McIlwain (1953) in vessels A of McIlwain (1951b). No current was applied to two vessels, a.c. at 50 cyc./sec. 
(1-5v) to two and a.c. at 2000 cye./sec. (3-5v) to the other two. Rates of metabolism are followed by their standard 





deviation; the P values refer to the differences between vessels with and without the added substances. 


Respiration + s.D. 


Lactic acid formation -+s.p. 











(umoles O,/g./hr.) (umoles/g./expt.) 
No. of c A i ka ms —, 
Added substance expts. in Without With Without With 
(mM) group addition addition P addition addition P 
Vessels without applied currents 
Diphenylhydantoin (0-1) 7 55+3 56+3 0-8 72+12 65+13 0-7 
Diphenylhydantoin (0-4) + 60+3 60+2 0-9 45+ 4 48+15 0-9 
Trimethadione (1) 8 63+3 6344 0-9 58+16 58+19 0-9 
Vessels with 50 cyc./sec. a.c. 
Diphenylhydantoin (0-1) 4 82+8 75+8 0-7 88+20 82+15 0-1 
Diphenylhydantoin (0-4) 4 86+3 79+6 0-9 72+10 85+ 2 0:3 
Trimethadione (1) 9 88+7 86+6 0-7 88+17 86+ 6 0-7 
Vessels with 2000 cyc./sec. a.c. 
Diphenylhydantoin (0-1) 4 90+3 60+1 0-001 85+15 80+16 0-9 
Diphenylhydantoin (0-4) + 82+7 63+2 0-02 58+ 4 66+ 8 0-5 
Trimethadione (1) 10 95+3 80+4 0-01 79+10 70+ 7 0-5 


in vivo (Forda & McIlwain, 1953). The concentra- 
tions do, however, inhibit respiration when it is 
increased by passage of brief condenser pulses or 
sine-wave alternating currents at 2000 cyc./sec. 
(Tables 2 and 3). A comparable degree of respir- 
atory stimulation at 50 cyc./sec. was little if at all 
affected by the drugs. This selective effect of the 
drugs is more clearly demonstrated by the experi- 
ments of Table 2 than by earlier experiments 
reported previously (Forda & MclIlwain, 1953). 
When similar experiments were carried out with 
aminotrishydroxymethylmethane or with glycyl- 
glycine as buffer, the drug acted in the same way 
as in phosphate buffer. 

There is no evidence from the experiments of 
Table 2 that lactic acid production is affected by 
the drugs either in presence or absence of applied 


Table 2, none of these differences give P values 
lower than 0-5. When, however, in earlier experi- 
ments respiratory response to impulses was simi- 
larly lower and variable (Forda & McIlwain, 1953) 
an effect of the drugs could nevertheless be seen: 
1 mM trimethadione lowered the response from 30 
to 1% with a P value of 0-01. It appears, there- 
fore, that lactic acid formation is significantly less 
susceptible to the drugs than is respiration. 
Inorganic and creatine phosphates. The levels of 
these substances in cerebral tissues were examined 
not only because they change greatly during con- 
vulsive activity, but also because several anticon- 
vulsants can be regarded as structurally related to 
phosphocreatine (Fig. 1). With tissues studied by 
conventional methods in absence of applied pulses, 
the anticonvulsants were without effect on the 
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levels of the two phosphates (Table 1). This was the 
case both when normal levels of the phosphates 
were maintained with glucose as substrate, and 
also when, with glutamic acid, creatine phos- 
phate was much lower and inorganic phosphate 
higher. 

Pulses applied to separated cerebral tissues with 
glucose as substrate normally change the levels of 
respiration, glycolysis, inorganic phosphate and 





Inorganic | phosphate 


yYrry py 
SoéNA GS 


Content (umoles/g.) 





ais mi ai aa 
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0 5 10 60 6000 
Time during which current 
applied (sec.) 


10 20 
Time after current 
stopped (sec.) 


Fig. 2. The course of change in inorganic phosphate and 
phosphocreatine following application of sine-wave a.c. 
of 2000 cyc./sec. and 3-5v. Points give mean values for 
four to eight slices, and lines extend from the points for 
distances equal to the standard deviation. Open points: 
no drug; black points: with 1 mm trimethadione. In the 
right-hand part of the graph, the tissues fixed some 
seconds after current had stopped had previously all 
been exposed to the current for 10 sec. 


Increase in respiration (%) 





2 3 4 1 2 3 
Applied potential (Vv) 


Fig. 3. Response/voltage curves for guinea pig cerebral 
tissues with and without a barbiturate and anticon- 
vulsant. A, Tissue exposed to sine-wave a.c. of 2000 cyc./ 
sec. and the different voltages quoted; B, tissue exposed 
to sine-wave a.c. of 50 cyc./sec. Points give mean values 
for several slices, and where sufficient data are available 
lines extend from the points for distances equal to the 
standard deviation. 
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creatine phosphate (McIlwain & Gore, 1951; 
Kratzing, 1953; Heald, 1954). As the anticon- 
vulsants were noted above to affect the respiratory 
but not the glycolytic response to the pulses, their 
effects on the phosphates of the tissue exposed to 
pulses were of especial interest. No significant 
effects were found, however, on either phosphate. 
Many of the results are shown in Fig. 2. This gives 
the course of change in phosphates resulting from 
the application of alternating current at 2000 cyc./ 
sec.; that is a type of pulse whose respiratory 
effects are susceptible to the anticonvulsants. 
However, neither the rate of fall of phosphocreatine 
during the pulses nor its rate of recovery after- 
wards is altered by trimethadione. 

Threshold. Applied currents have little or no 
effect on respiration of cerebral tissues until a 
threshold potential gradient is exceeded, when 
response increases relatively rapidly with increase 
in potential (McIlwain, 19516; 1954). This is ex- 
pressed by the voltage/response curve of Fig. 3. 
An added substance could have many effects on 
such a voltage/response curve, but Fig. 3 shows 
that the effect of the anticonvulsant employed is 
a relatively simple one of increasing the threshold 
for response. Response can still reach the value 
obtained in absence of drug, but a greater potential 
is required. This effect of trimethadione is com- 
pared in Fig. 3 with that of a barbiturate. The 
action of the two is seen to differ; further analysis 
of this is deferred. 

Interrupted currents. Respiratory response to 
a period of electrical stimulation can persist 
for periods of a few seconds after pulses cease 
(McIlwain, 1954). Certain anticonvulsants can 
depress the after-discharge produced in peripheral 
nerve under some conditions of repetitive stimula- 
tion (Toman, 1949). To see whether comparable 
phenomena occur in the present systems, the 
experiments of Table 3 were carried out. These 
indicate no greater sensitivity to the anticonvul- 
sants to be induced by the different types of inter- 
rupted currents employed. 


Specificity of the respiratory effect of anticonvulsants 


Several substances of structure similar to the 
compounds of Table 1 are not anticonvulsant 
(Merritt & Putnam, 1938; Toman & Goodman, 
1948). Some of these are compared in Table 4 
with an established anticonvulsant, in their effects 
on the respiratory response to sine-wave alternating 
currenis of 2000 cyc./sec. None of the related sub- 
stances without anticonvulsant action had any 
metabolic effect. The metabolic response was also 
unaffected by ethylenediaminetetraacetic acid. 

With separated cerebral tissues lactate and pyru- 
vate are often similar to glucose as added sub- 
strate, and this was found to be the case also in 
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Table 3. Diphenylhydantoin on effects of continuous and interrupted currents 


Guinea pig cerebral tissues were used in electrodes H. Respiratory rates were determined during an initial period of 
40 min. without applied current, and a subsequent one of 40 min. with current. In different vessels the current was 
continuous and interrupted; experiments were run in pairs in which the types of current applied to a given vessel were 
interchanged. Sine-wave current was of 2000 cyc./sec. and 3-5v; condenser pulses were of 10v peak potential and a time- 
constant of 0-4 msec. Diphenylhydantoin at 0-1 mm was present in half the vessels, throughout the experiment. 


No. of 


Lactic acid formation 
(umoles/g./expt.) 
anne 


Respiration +8.D. 
(umoles O,/g./hr.) 
poesia 





== \ = — 

expts.in Without Change Without Change 

Current applied group drug with drug drug with drug 
None : 4 5642 -4i2 35+3 +245 
Sine-wave a.c.; continuous 4 92+9 -274+3 53+7 -2+48 
Sine-wave a.c.; on, 1 sec.; off, 1 sec. 4 92+12 —22+10 50+3 -2+45 
None 8 60+2 —-4i4 3743 1+4 

Condenser pulses; continuous 8 118+6 -34+3 70+3 -2412 
Condenser pulses; on, 0-1 sec.; off, 0-44 sec. 4 117+4 -33+3 7342 -7+9 


Table 4. Anticonvulsants and related substances on respiration with different substrates 


Current was sine-wave, alternating, of 2000 cyc./sec. at 3-5v. Substrates were at 10 mm except lactate which was at 
33 mm. Statistical analyses of the results, grouping values according to the vessels employed, showed only diphenyl- 
hydantoin and trimethadione of the added substances to have significant effect. 


Average increase in 
respiratory rate 
with current 
(% of rate 
without current) 


ey 

Without With 

Added agent No. of added added 

Substrate (mm) observations agent agent 
Glucose Trimethadione, 1 + 32 3 
Glucose Allantoin, 1 5 23 28 
Glucose Hydantoin, 1 5 23 21 
Glucose Phenylacetic acid, 10 5 26 24 
Glucose Ethylenediaminetetraacetic acid, 1 4 32 35 
Glucose Ethylenediaminetetraacetic acid, 0-1 + 32 28 
Glucose s-Diphenylurea, 1 9 23 20 
Lactate Diphenylhydantoin, 1 6 26 ] 
Pyruvate Diphenylhydantoin, 1 6 48 1 





relation to the effect of diphenylhydantoin 
(Table 4). Almost complete inhibition of the meta- 
bolic response to sine-wave currents of 2000 cyc./ 
sec. was observed with each substrate. 


Anticonvulsants and the anaerobic glycolysis 
of cerebral tissues 


Electrical pulses have been found to decrease the 
anaerobic glycolysis of sections of cerebral tissues 
(McIlwain, unpublished). Accordingly, the effects 
of anticonvulsants on this process have been 
assessed also, determining both the rate of acid 


formation manometrically by the evolution of 


carbon dioxide from bicarbonate salines, and also 
the lactic acid, colorimetrically (Table 5). By both 
criteria, 1mm trimethadione and also 0-1 mm 
diphenylhydantoin antagonized the effect of sine- 
wave alternating currents of 2000 cye./sec. Again, 


the effect of such currents at 50 cyc./sec. was not 
affected in the instance examined, that is with 
trimethadione. 


Acetylcholine and eserine 


An effect of anticonvulsants on cerebral tissues 
reported by Tower & Elliott (1953) is to increase or 
decrease their bound acetylcholine. In seeking 
features common to this and to the respiratory 
effect of anticonvulsants reported here, an action of 
acetylcholine on the respiration of cerebral tissues 
was sought. Acetylcholine was examined alone and 
in the presence of eserine sufficient to delay its 
breakdown by the cholinesterases of the tissue. No 
significant effect was found in sixteen experiments 
with condenser pulses of peak potential 5 and 10V, 
and time-constant 0-4 msec. and with sine-wave 
alternating current at ‘2000 cyc./sec. and of 2 oF 
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Table 5. Electrical pulses and anticonvulsants on the anaerobic glycolysis of cerebral cortex 


Anticonvulsants used: in A and B, 1 mm trimethadione; in C, 0-1 mm diphenylhydantoin. Guinea pig cerebral tissues 
were used in electrodes H, in glucose—bicarbonate salines. Current was applied throughout the experiments to the vessels 


indicated. 


Rate of acid formation 


(umoles CO, evolved/g. 


Total lactic acid formed 
(umoles/g./expt.) 


tissue/hr.) 





Group of expts.; - 











s c 
Current applied no. of expts. Without With Without With 
(sine-wave a.c.) in group drug drug drug drug 
None A;2 105 96 110 119 
50 cye./sec., 3V A;6 50+7 5745 58+13 53413 
I a 
P value 0-9 0-9 
None B;3 106 115 100 109 
2000 cyc./sec., 3-5v B; 6 7645 89+4 74i4 88+4 
Nnsann vv J ae — 
P value 0-05 0-02 
None C; 2 99 103 99 104 
2000 cyc./sec., 4-5V C; 4 80+6 104+5 85+9 97+2 
: ~ a 
P value 0-01 0-3 


2-5v. The drugs were used at concentrations up to 
lmm. The experiments thus supplement those 
previously quoted (MclIlwain, 195la) which with 
different pulse types gave the same result. 


DISCUSSION 


The metabolic effects observed with anticonvulsants 
in the present experiments are strictly limited to 
situations in which metabolism has been influenced 
by applied electrical pulses, whether this action is 
to increase or to decrease in level of metabolism. 
On the other hand, the anticonvulsants do not 
affect all changes in level of metabolism. Increased 
respiration is opposed when it results from currents 
at 2000 cyc./sec. but not when it results from 
currents at 50 cyc./sec., from increased KCl, from 
guanidines or from 2:4-dinitrophenol. These agents 
have in common several effects on the aerobic 
metabolism of separated cerebral tissues: they 
increase respiration, decrease phosphocreatine, and 
increase inorganic phosphate and lactic acid forma- 
tion. The anticonvulsants, however, affect only 
respiration. In this they are dissociating the 
respiratory and glycolytic responses to applied 
pulses which under many but not all other condi- 
tions, are affected or not affected in parallel. 
Consequently, it is curious to see that in different 
circumstances the anticonvulsants can affect glyco- 
lysis. Here the action is to tend to preserve the 
normal level of anaerobic glycolysis which applied 
pulses decrease. Again, the anticonvulsants 
oppose the effects of pulses at 2000 cyc./sec. but not 
at 50 cyc./sec. The sequence of events linking 
applied pulse and aerobic metabolic response is 
unknown though mechanisms have been suggested 
(McIlwain & Gore, 1953). Anaerobically, events 


are potentially simpler and further studies are in 
progress. 

That the action of the anticonvulsants is limited 
to particular pulse-types appears very relevant to 
their properties as therapeutic agents, for they are 
not general depressants but repress specifically the 
type of electrical activity associated with convulsive 
conditions. Components of this are relatively high 
in frequency and voltage. 


SUMMARY 


1. The anticonvulsants diphenylhydantoin, 
methylethylphenylhydantoin, and _ trimethylox- 
azolidinedione were examined for possible effects 
on several metabolic characteristics of separated 
cerebral cortex from the guinea pig and rat 

2. They were without effect on various aspects 
of glutamic acid metabolism and on the respiration 
of the tissues as ordinarily examined with several 
substrates. 

3. They wholly or partly prevented the increase 
in respiration of cerebral tissues caused by sine- 
wave alternating currents of 2000 cyc./sec., or by 
brief condenser pulses. They had no effect on com- 
parable increase in respiration brought about by 
50 cyc./sec. a.c., by 50 mm potassium chloride, by 
2:4-dinitrophenol, by guanidine or by a deca- 
methylenediguanidine. 

4. Respiratory inhibition by the anticonvulsants 
was comparable when glucose, lactate, or pyruvate 
was used as substrate. It was not shown by some 
compounds structurally related to the drugs but 
without anticonvulsant action. 

5. Changes in glycolysis, creatine phosphate 
and inorganic phosphate which accompanied the 
respiratory increase susceptible to the anticon- 
vulsants were nevertheless unaffected by them. 


5-2 





68 O. GREENGARD AND H. McILWAIN 


6. Anaerobic glycolysis was also unaffected by 
the anticonvulsants, until its level was altered by 
currents of 2000 cyc./sec. It then became sus- 
ceptible; at 50 cyc./sec. no action of the drugs was 
seen. 

These investigations were supported by the Research 
Fund of the Bethlem Royal Hospital and the Maudsley 
Hospital, and we are grateful to the Board of Governors for 
the allocation for this purpose. 
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Action of Protoveratrine on the Metabolism of Cerebral Cortex 
1. UNSTIMULATED CEREBRAL-CORTEX TISSUE* 


By A. WOLLENBERGERT 
Department of Pharmacology, Harvard Medical School, Boston, Massachusetts 


(Received 29 December 1954) 


Protoveratrine is one of the most powerful 
members of an important group of pharmacological 
agents, the polycyclic ester alkaloids of veratrum. 
These compounds, especially the mixture of 
alkaloids known as veratrine, have been the subject 
of innumerable researches in the physiological and 
pharmacological laboratory and have proven to be 
of particular value in the analysis of certain aspects 
of the physiology of muscle and nerve (Krayer & 
Acheson, 1946). During the last few years, proto- 
veratrine has become prominent as an agent in the 
treatment of hypertension. 

The central nervous system has been suspected 
as primarily involved in some effects of veratrum 


* Publication no. 23 in the series of papers from this 
laboratory entitled ‘Studies on Veratrum Alkaloids’. 

+ Present address: Pharmakologisches Institut der 
Humboldt-Universitat, Berlin, N.W. 7. 


alkaloids on the circulatory and _ respiratory 
systems as well as in the elicitation of convulsive 
activity which usually precedes and accompanies 
death due to poisoning by these compounds; but 
a direct central nervous action has not yet been 
demonstrated unequivocally. The work of Hill 
(1933), Schmitt & Gasser (1933) and Schmitt 
(1936), who found that heat production and oxygen 
consumption of peripheral nerve are increased by 
veratrum alkaloids, suggested the possibility that, 
if protoveratrine has a direct effect on the central 
nervous system, a similar change in metabolism 
might occur and be observable in that tissue. As 
shown in the present and succeeding communi- 
cations, this is indeed the case. The present com- 
munication will deal chiefly with the action of 
protoveratrine on. ‘resting’, i.e. electrically non- 
stimulated pieces of cerebral cortex. It will be 
seen that minute amounts of the alkaloid are 
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capable of bringing about not only marked quanti- 
tative, but also profound qualitative changes in the 
metabolism of this tissue. A preliminary account 
of some of the present work has appeared (Wollen- 
berger, 1950). 


METHODS 


Young adult male and non-pregnant female guinea pigs 
were decapitated with a pair of heavy shears. The brain was 
removed and cooled in the incubation media described 
below but lacking bicarbonate or phosphate, and at about 
15°. Slices of cerebral cortex approximately 0-4 mm. thick 
were cut free-hand with a razor blade held in artery forceps. 
In some experiments the cerebral hemispheres were placed 
immediately into ice-cold 3-3 mm potassium phosphate of 
pH 7-0 and homogenized in this buffer, using a Potter— 
Elvehjem glass apparatus. The cerebral slices were pooled 
in 4-5 ml. of unbuffered incubation medium, and batches of 
the sliced tissue, weighing about 50 mg. each, were trans- 
ferred to the main compartments of Warburg incubation 
vessels containing 2-95 ml. of buffered incubation fluid. 
This volume included in most experiments 0-1-0-3 ml. of 
medium, placed into the side arms and containing proto- 
veratrine. The incubation fluid was either the bicarbonate- 
saline of Krebs & Henseleit (1932) or a modified Krebs- 
phosphate solution (Wollenberger, 1947). Unless stated 
otherwise, it contained 11 mm p-glucose. Other substrates 
used were: sodium DL-lactate, prepared by neutralization 
(with NaOH in the cold) of diluted and boiled commercial 
lactic acid; sodium pyruvate, prepared by neutralization of 
freshly distilled pyruvic acid with NaHCO, followed by 
precipitation in ethanol; sodium oxaloacetate, prepared 
from diethyl oxaloacetate according to the method of 
Krampitz & Werkman (1941); and the commercial C.P. 
sodium salts of L-glutamic acid and succinic acid. The 
vessels were gassed with oxygen or with 95% N,-5 % CO,. 
Oxygen consumption and anaerobic acid production, the 
latter presumed to be due to glycolysis, were measured 
manometrically at 38° by the direct method of Warburg, 
readings being taken every 74 or 15 min. After the rate of 
metabolism in the absence of drug had been ascertained, 
the contents of the side arms were tipped into the main 
compartments. In this way each vessel served as its own 
control. In addition, one or two vessels containing drug- 
free medium in the side arm were employed as over-all 
controls. The O, uptake of the homogenates was measured 
in an appropriately fortified medium (see under results) 
equilibrated with air. 
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For the estimation of lactic acid and of potassium in the 
medium, 2 ml. were pipetted out at the desired time, 
treated with 1 ml. of 20% trichloroacetic acid and centri- 
fuged, and portions of the supernatant taken for analysis. 
Lactic acid was determined colorimetrically by the method 
of Barker & Summerson (1941). Potassium was estimated 
by internal-standard flame photometry, using the Beckman 
instrument (Hofmann, Knobal & Greep, 1954). In the 
homogenate experiments analyses for inorganic phosphate 
were made in samples deproteinized with trichloroacetic 
acid by the method of Lowry & Lopez (1946). The rates of 
metabolism are given in Q units (yl. gas/mg. dry tissue/hr.). 
Qiact. denotes the rate of lactic acid production as deter- 
mined chemically and Qo, denotes the rate of acid forma- 
tion determined manometrically. The dry weight of the 
tissue was determined after termination of the experiments 
and includes the weight of debris and of trichloroacetic acid 
precipitate in the medium. 

The investigation was carried out before the resolution 
of protoveratrine into protoveratrine A and B had been 
achieved (Nash & Brooker, 1953). The crystalline sample of 
alkaloid used was a mixture of 60% protoveratrine A and 
40% protoveratrine B. The concentrations given, when 
expressed on a molar basis, refer to the sum of the molar 
concentrations of the two constituent compounds. The 
molecular weights of the protoveratrines A and B are 794 and 
810 respectively. 


RESULTS 


Metabolic changes in cerebral cortex taken from 
guinea pigs poisoned with protoveratrine. To 
ascertain whether energy metabolism in brain 
slices is affected by administration in vivo of the 
small quantities of protoveratrine sufficient to 
produce neuromuscular and other disturbances, the 
following experiment was carried out. Two guinea 
pigs were given an intraperitoneal injection of 
0-15 mg. protoveratrine/kg. A few minutes after 
the injection increasingly violent retching move- 
ments were noticed, which were followed by 
vomiting. (So far as we are aware, this is the first 
time that vomiting has been described in rodents.) 
The hind legs became immobilized in flaccid 
paralysis while vomiting continued. When breath- 
ing became laboured the animals were decapitated 
and the brain was removed for the preparation of 
cerebral-cortex slices. 


Table 1. Respiration and glycolysis of cerebral-cortex slices from guinea pigs poisoned with protoveratrine 


The experimental periods are given in minutes after decapitation. Aerobic quotients were determined in phosphate 


media and anaerobic in bicarbonate media. 


Period 





between Qo. Qo8, 
injection and QPs. c A : 
Treatment of decapitation 30-60 60-90 30-90 30-60 60-90 135-165 165-195 

guinea pig (min.) (min.) (min.) (min.) (min.) (min.) (min.) (min.) 
Control — 10-7 10-7 1-1 19-8 18-2 17-3 17-3 
Control —- 11-2 10-8 0-7 20-6 18-3 17-7 17-5 
0-15 mg. (0-187 pmole) { 39 17-3 17-0 9-6 16-3 11-6 7-7 7-5 
protoveratrine/kg. 48 17-2 17-3 9-7 15-4 10-8 7-0 6-2 
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The respiratory and glycolytic activity of these 
slices is compared in Table 1 with that of sliced 
cerebral cortex from two normal animals. The rate 
of oxygen uptake of the tissue of the animals given 
protoveratrine was increased about 60%. Aerobic 
glycolysis increased to half the normal anaerobic 
level. Anaerobic glycolysis, on the other hand, was 
inhibited. It declined during the course of incuba- 
tion, becoming roughly constant after 2hr. at 
about 40% of the control rate. Since the aerobic 
and anaerobic experiments shown in Table 1 were 
performed in different media, no exact measure of 
the Pasteur effect can be presented. However, 
since the control Q,,,¢, values were of the same order 
of magnitude in the two media, both in the presence 
and the absence of oxygen respectively, it is clear 
that the Pasteur effect was inhibited. 

Effect of protoveratrine added in vitro on respira- 
tion and glycolysis of cerebral cortex. The changes in 
cerebral metabolism just described could have been 
mediated through the local vascular system or 
result from an extracerebral alteration whose effect 
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persisted in the separated tissue. To show that 
protoveratrine acts directly on cerebral cortex, it 
was added to the medium, the final concentration 
being 9-4 x 10-7m (0-75 yg./ml.). The results of this 
experiment (Table 2) reveal the same pattern of 
response as after administration of protoveratrine 
in vivo, namely stimulation of aerobic and depres- 
sion of anaerobic metabolism. The changes in 
aerobic and anaerobic glycolysis, this time 
measured in the same medium, were even more pro- 
nounced. The aerobic glycolysis rose to the normal 
anaerobic level, whereas the anaerobic glycolysis 
was completely suppressed. The Pasteur effect was 
thus abolished. The fact that these changes were of 
the same kind as those observed in brain cortex of 
protoveratrine-treated animals may be taken as 
supporting evidence for a direct action of the 
alkaloid on the brain in vivo. 

The sensitivity and the time-course of the 
respiratory response to protoveratrine are illus- 
trated in Fig. 1. 4:7 x 10-’m protoveratrine is the 
threshold concentration for stimulating respiration 


Table 2. Effect of protoveratrine added in vitro, on respiration and glycolysis of cerebral cortex 


Slices of the guinea-pig tissue were suspended in phosphate-buffered media. Experimental periods are given in minutes 


after the addition of protoveratrine. 


Expt. 
no. Treatment 
1 Control 
9-4 x 10-7m protoveratrine 
2 Control 


9-4 x 10-’M protoveratrine 


180 


160 


Oxygen uptake (% of rate before addition) 





0 60 120 
Time after adding protoveratrine (min.) 


Fig. 1. Protoveratrine at various concentrations (uM) on 
the rate of respiration of cerebral-cortex slices from the 


guinea pig. 


Qin. 

Qo. ui —o 
50-110 50-110 50-110 110-170 
(min.) (min.) (min.) (min.) 

10-8 0-3 21-6 — 

14-1 21-4 6-5 0-5 

12-7 -0:3 19-2 18-5 

17-5 17-7 3-2 0 


in guinea pig cerebral-cortex slices. It increases 
metabolism by about 20%. The rise in respiration 
produced by 9-4 x 10-’m protoveratrine is of the 
order of 40%. At a concentration of approxi- 
mately 4 x 10-*m a sharp initial rise in respiratory 
activity is followed by a gradual decline towards, 
and possibly to below, the control level. 
Effect on cerebral oxygen uptake in various sub- 
strates. The response of cerebral-cortex slices to 
protoveratrine in the presence of several non- 
carbohydrate substrates known to be oxidized by 
this tissue is shown in Table 3. The substrates were: 
lactate, pyruvate, oxaloacetate, succinate, and L- 
glutamate. Stimulation by protoveratrine of 
respiration in pyruvate was comparable to that 
seen in glucose, but stimulation was less in media 
containing lactate and oxaloacetate. In lactate the 
increase was followed by a fall. No increase in 
oxygen consumption occurred with succinate of 
glutamate or in the absence of added substrate. The 
finding that slices respiring in pyruvate respond as 
intensely to protoveratrine as in the presence of 
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glucose and that some increase in respiration is 
obtained in oxaloacetate suggests that protovera- 
trine accelerates reactions in the tricarboxylic acid 
cycle. This cycle may not be fully operating when 
succinate is the sole substrate added. 

Tissue specificity. Among the various guinea-pig 
tissues listed in Table 4, heart muscle alone 
resembles cerebral cortex with respect to the 
respiratory response to protoveratrine. A concen- 
tration of 4-7 x 10-*m produced a rise in the rate of 
oxygen uptake of about 50%. Aerobic glycolysis 
in heart muscle, however, was not stimulated by 
protoveratrine. Among the unresponsive tissues 
were voluntary muscle (diaphragm) and smooth 


muscle (intestine). The lack of response in dia- 
phragm is surprising in view of the report of 
Stozharov (1936) that the resting heat production 
of veratrinized skeletal muscle is high. In the 
succeeding paper (Wollenberger, 1955) it is shown 
that protoveratrine stimulates respiration also in 
the white matter of brain. Bernheim & Bernheim 
(1933) have reported that oxygen consumption of 
skeletal muscle and liver tissues is inhibited by 
veratrum alkaloids at and above 10-*m. 

Most Qo, values in Table 4 are lower than 
corresponding values obtained in the same incuba- 
tion medium in an earlier study (Wollenberger, 
1947). The earlier quotients were based on the dry 


Table 3. Effect of protoveratrine on the oxygen consumption of cerebral-cortex slices 
in the presence of various substrates 


0 
Time after addition of protoveratrine 





Conen. of 2 A ‘ 
Added substrate Expt. protoveratrine 5-35 95-125 
(10 mm) no. (uM) Before (min.) (min.) 
Sodium Dt-lactate + 0 9-3 8-9 7-4 
1-87 9-6 12-6 5-4 
Sodium pyruvate 4 0 11-2 11-3 10-4 
1-87 10-8 15-5 11-3 
Sodium oxaloacetate 3 0 10-7 10-7 9-7 
1-87 10-9 13-2 12-1 
Sodium succinate 3 0 8-9 7-8 —_— 
1-87 8-2 6-6 — 
Sodium t-glutamate 3 0 10-9 9-7 6-2 
1-87 10-4 10-4 4-7 
None 2 0 4-8 3-1 — 
1-87 5-0 3-2 —_— 


Table 4. Effect of protoveratrine on the rate of 


Phosphate-buffered medium. Protoveratrine was added 
refer to this preliminary period. 


Tissue and state 
Diaphragm (intact) 


Heart ventricle (sliced) 

Muscularis of small intestine 
(intact) 

Testis (teased) 

Liver (sliced) 

Kidney cortex (sliced) 

Lung (cut) 


Spleen (sliced) 


* After decrease during the first 30 min. 


respiration of various isolated guinea-pig tissues 
after 30-60 min. of preliminary incubation. The Qo, values 


Percentage change 
in Qo, 45-90 min. 
Protoveratrine after addition of 


Qo, (uM) protoveratrine 
4-2 0 -5 
9-4 -2 
2-5* 0 <9 
4-7 +47t 
4-9 0 —20 
9-4 — 20 
7-0 0 +1 
9-4 +3 
3°5 0 -5 
9-4 -2 
12-8 0 -13 
9-4 -10 
5-7 0 -6 
9-4 0 
7-1 0 0 
9-4 0 


+ 75-150 min. after addition of protoveratrine. 
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weight of slices or other larger tissue pieces only, 
while present final dry weights include the weight of 
small tissue debris and of trichloroacetic acid pre- 
cipitate in the medium. 

Reversibility. Cerebral-cortex slices which had 
been incubated in 1-87x10-*m protoveratrine 
sufficiently long to observe a 50% increase in the 
rate of O, uptake were washed twice for 5 min. at 
room temperature in 25 ml. of aerated medium free 
of protoveratrine and transferred to vessels con- 
taining fresh, protoveratrine-free medium. This 
procedure abolished the stimulation of respiration 
(Table 5). The rate of oxygen consumption at the 
beginning of the second incubation period was about 
20% lower than the initial rate during the first 
incubation, both in the control and in the experi- 
mental vessels. During the second incubation the 
protoveratrine-treated slices exhibited an addi- 
tional slight decline in respiratory activity. 

These findings need to be reconciled with the 
observation (Table 2) that cerebral cortex slices 
after in vivo poisoning with protoveratrine respire 
at an elevated rate when placed in protoveratrine- 
free medium. One reason for this may be that in 





A. WOLLENBERGER 


fluoride did not entirely suppress phosphatase 
activity in the unfractionated homogenate. How- 
ever, there were marked differences in the ratios 
between control and protoveratrine-treated samples 
on the one hand and samples lacking substrate or 
treated with dinitrophenol on the other hand. 
While omission of substrate lowered oxygen uptake 
by about one-half, phosphate uptake fell to one- 
fifth of the control value. 2:4-Dinitrophenol, known 
to dissociate oxidation and _ phosphorylation 
(Loomis & Lipmann, 1948), caused at 8 x 10m 
a slight increase in O, consumption and complete 
inhibition of phosphate uptake. 

Protection by nicotinamide against the inhibition of 
anaerobic glycolysis. Experiments were conducted 
to ascertain whether the depression of anaerobic 
glycolysis by protoveratrine could be prevented by 
substances likely to exert a stabilizing action. 
Bicarbonate medium was used in which the 
anaerobic action of protoveratrine is not as severe as 
in phosphate-buffered medium (cf. Table 2). Among 
a number of substances tested only one afforded 
some protection against the alkaloid, namely nico- 
tinamide. The protective concentration of this 


Table 5. Effect of washing on the respiratory activity of cerebral-cortex slices treated with protoveratrine 


Phosphate-buffered medium was used throughout. Results are expressed in % of the rate of O, uptake before addition 


of protoveratrine. 





Time after Expt. 1 Expt. 2 
addition of 3 ~, % a 
protoveratrine 1-87 x 10-*mu 1-87 x 10-*m 
(min.) Control protoveratrine Control protoveratrine 
(Before) 100 100 100 100 
5-35 101 154 100 151 
36-48 Washing and transfer to protoveratrine-free medium 
62-82 82 81 81 77 
152-182 82 74 75 67 





the experiment with the animals poisoned in vivo 
the slices were not washed before incubation. For 
quantitative comparison of the changes after in 
vivo and in vitro administration, the concentrations 
of drug in the tissue are required but have not yet 
been determined. 

Effect on oxidation and phosphorylation in homo- 
genized cerebrum. To determine whether proto- 
veratrine affects oxidative phosphorylation in 
cerebral tissue, uptake of oxygen and disappear- 
ance of inorganic phosphate from the medium were 
measured in homogenates of cerebral hemispheres 
supplied with the necessary cofactors, with lactate 
as the main source of energy and creatine as phos- 
phate acceptor. Protoveratrine was present in 
concentrations 1-87x10-* and 4-7x10-5m. As 


Table 6 shows, neither the low nor the high con- 
centration had a significant effect on oxidation or 
phosphorylation in the cell-free system. The P/O 
rather low, presumably because 


ratios were 


Table 6. Comparison of the effects of protoveratrine 
and dinitrophenol on oxygen and phosphate uptake 
by guinea-pig brain homogenate 


Experiments used a 1-:7% homogenate of cerebral 
hemispheres (50 mg. wet tissue/vessel). Concentrations of 
added constituents: 3-3 mm potassium phosphate buffer of 
pH 7; 4 mm sodium pt-lactate; 1 mm potassium fumarate; 
40 mm creatine; 8 mm-MgCl,; 1mm adenosine triphos- 
phate; 005% diphosphopyridine nucleotide preparation 
(Schwartz); 40 mm nicotinamide; 0-023 mm cytochrome ¢; 


20mm-KF. Final volume: 3-0ml. Air; 38°; 15 min. 
incubation. 

Oxygen Phosphate 

uptake* uptake 

Treatment (umoles) (moles) 

Control 5: 4:7 
Protoveratrine, 1-87 x 10-*u 5-3 4-5 
Protoveratrine, 4-7 x 10-5 5-6 4:8 
2:4-Dinitrophenol, 8 x 10-'u 6-4 — 0-4 
Lactate and fumarate omitted 2-5 0-9 


* Corrected to include equilibration period. 
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compound was of the same order as that required to 
inhibit the activity of the nucleosidase which splits 
diphosphopyridine nucleotide (DPN) (Mann & 
Quastel, 1941; Handler & Klein, 1942). The co- 
enzyme itself was ineffective. Addition of adenosine 
triphosphate and of adenylic acid proved likewise 
unsuccessful. Neither did these compounds add to 
the protective action of nicotinamide. A fivefold 
increase in the external magnesium concentration 
and addition of pyruvate (0-0017m) had moderate 
protective effects in some experiments, but no 
effect in others. In one run complete protection 
against protoveratrine was provided by nicotin- 
amide plus magnesium salts. 

Three experiments illustrating the effect of 
0-04M nicotinamide are summarized in Table 7. It 
is seen that the loss in glycolytic activity caused 
by protoveratrine was reduced by about one-half in 
the presence of the vitamin. The compound was 
effective only when it was added to the medium 
before or simultaneously with protoveratrine. 
Once the inhibition of glycolysis had become 
established, it was not reversed. 

Effect of omission of external potassium salts. 
According to one theory (Bacq, 1939) veratrum 
alkaloids act by sensitization to potassium ions. 
To determine whether the metabolic response of 
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ions than in media containing sodium, calcium and 
potassium ions. Gore & MclIlwain (1952), however, 
noted no marked changes in cerebral respiration 
and glycolysis due to absence of potassium. 

While persistence of the protoveratrine effect in 
potassium-free medium would have been difficult 
to reconcile with an hypothesis that the alkaloid 
acts on cerebral cortex via extracellular potassium, 
the observation to the contrary does not prove the 
hypothesis. Dickens & Greville (1935) observed 
that, after incubation in potassium-free media, 
cerebral-cortex slices fail to respond to high con- 
centrations of potassium ions with an increase in 
respiration. It is possible that prolonged exposure 
to K*-free medium caused irreversible damage to 
the tissue and reduced its respiratory capacity. 

Effect on accumulation of potassium by washed 
cerebral-cortex slices. Freshly prepared slices of 
cerebral cortex were washed for 5 min. in a large 
volume of potassium-free medium. On the basis of 
measurements made by Krebs, Eggleston & Terner 
(1951) it seems safe to assume that at the end of 
the washing the tissue had lost at least half its 
normal complement of potassium ions, which 
amounts to about 100pequiv./g. During subse- 
quent aerobic incubation in glucose media without 
protoveratrine, potassium ions were gradually 





Table 7. Effect of nicotinamide on the inhibition of anaerobic glycolysis 
in cerebral-cortex slices by protoveratrine 


Bicarbonate medium. Gas phase: 95% N,-5% CO,. Results are means of 3 experiments and are expressed in % of the 
rate of CO, evolution before exposure to the substances added. 


Substances added 





Time after 
addition of Protoveratrine, 
substances 1-87 x 10-*m, 
listed Nicotinamide, Protoveratrine, and nicotin- 
(min.) None 4x10-°m 1-87 x10-*m amide, 4 x 10-?m 
(Before) 100 100 100 100 
5-35 98 96 74 92 
80-110 94 93 16 46 
110-140 94 92 16 48 





cerebral-cortex slices to protoveratrine depends on 
the presence of potassium, incubation fluid was 
used in which potassium chloride was replaced by 
an equivalent amount of sodium chloride. The 
results of the experiment (Table 8) show that the 
rate of oxygen consumption and of lactic acid 
production were not significantly changed by the 
drug. The rate of oxygen consumption was lower 
than in the presence of potassium, and interim 
readings of pressure indicated that it was declining 
during incubation. On the other hand, the rate of 
glycolysis was high. This finding agrees with the 
observation of Dickens & Greville (1935) that 
aerobic glycolysis of cerebral-cortex slices tends to 
be higher in media containing sodium and calcium 


Table 8. Effect of protoveratrine on respiration and 
glycolysis of washed cerebral-cortex slices in potas- 
sium-free medium 


The composition of the medium was: 0-098mM-NaCl, 
0:0013M-CaCl,, 0-0012mM-MgSO,, 0-033m sodium phos- 
phate of pH 7-4, 0-011m glucose. Before being placed in 
the respirometer vessels the slices were washed for 5 min. 
in 100 ml. of this medium. Protoveratrine was added 
25 min. after start of incubation. 60 min. incubation in 
protoveratrine. 


Conen. of 
protoveratrine 
(m) Qo. Q inte. 
0 6-7 15-3 
1-87 x 10-6 6-6 16-5 
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regained, as indicated by their disappearance from 
the surrounding medium (Table 9). This reaccumu- 
lation was a slow but steady process, as indicated 
by the fact that twice as much potassium dis- 
appeared during 2 hr. of incubation as in 1 hr. The 
rate of uptake was 17-18 pequiv. K*/g. wet wt./hr. 
A comparable value (1 yl. K* (gas)/mg. dry wt./hr.) 
was obtained by Dixon (1949) in sliced rabbit 
cerebral cortex subjected to similar experimental 
conditions. 

Table 9 shows that 1-87 x 10-m protoveratrine, 
which markedly accelerates oxygen consumption, 
prevented the disappearance of potassium from the 
medium. Since in these and other experiments the 
loss in dry weight of slices during incubation was 
unaffected by protoveratrine, the effect of the 
alkaloid on the content of K* in the medium can 
hardly have been due to increased contamination 
with potassium present in tissue debris or bound to 
soluble proteins. This effect may reasonably be 
attributed to inhibition of the net uptake of the 
ion by the tissue. 
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with the present study of protoveratrine because 
they have been subjected to the same kind of 
experimental analysis. The similarity of the pattern 
of responses to the three agencies is striking. A 
résumé of observed effects is given in Table 10. The 
parallelism between the action of protoveratrine, 
K*, and electrical pulses extends to the nature of 
the substrate required for elicitation of the respir- 
atory response, to reversibility of the action, to 
sensitivity to malonate of the stimulated as con- 
trasted with the unstimulated respiration, to specifi- 
city with respect to the tissue affected, and prob- 
ably also to the role of cell structure. Aebi (1953) 
finds, in contrast to Dickens & Greville (1935), that 
the respiration of slices of kidney cortex (but not of 
liver) is increased by high external K*. Apart from 
this instance, however, stimulation of metabolism 
by potassium, electric currents and protoveratrine 
has so far been seen only in excitable tissues. All 
three agents raise the aerobic glycolysis of cerebral- 
cortex slices to or close to the normal anaerobic 
level. The anaerobic glycolysis of the tissue is 


Table 9. Effect of protoveratrine on potassium uptake by washed cerebral-cortex slices 


The slices were washed for 5 min. in 100 ml. of K*-free medium (see Table 8) and incubated in 2-7 ml. phosphate- 
buffered medium containing K* in the concentrations indicated. Protoveratrine was initially present in the main com- 


partment of the incubation vessels. 


Uptake of K* 
from medium 


Conen. of K* in medium 








Duration Conen. of Initial wet (wequiv./ml.) 
of expt. protoveratrine wt. of tissue (wequiv./g. 
(min.) (moles/1.) (mg.) Qo, Initial Final tissue) 
60 0 82 12-2 4-80 4-26 17-8 
1-87 x 10-* . 3 17-5 4-80 4-80 0-0 
120 0 74 11-3 3-42 2-49 33-9 
1-87 x 10-6 87 15-6 3-42 3-33 2-8 
DISCUSSION inhibited by both protoveratrine and potassium 


Comparison of the effects of protoveratrine, potas- 
sium and electrical pulses. Stimulation of respira- 
tion and aerobic glycolysis in brain can be brought 
about by a variety of agents and circumstances. 
These include normal functional activity of the 
brain (Schmidt, Kety & Pennes, 1945; Vladimirov, 
1953), induced convulsive activity (Davis, McCul- 
loch & Roseman, 1944; Schmidt e¢ al. 1945; Stone, 
Webster & Gurdjian, 1945; Klein & Olsen, 1947; 
Vladimirov, 1953), electrical stimulation of isolated 
cerebral tissue (McIlwain, 1951 a), high extracellular 
concentrations of potassium salts (Ashford & 
Dixon, 1935; Dickens & Greville, 1935) and dini- 
trophenol (McIlwain & Gore, 1951). Among these 
agencies high concentrations of potassium ions and 
electrical pulses, both applied to isolated cerebral 
tissue, may be singled out for closer comparison 


salts; according to McIlwain (private communica- 
tion) anaerobic glycolysis falls also on application 
of electrical pulses. 

Possible mechanism underlying the protoveratrine 
effect. The question arises whether the effects of 
protoveratrine, potassium ions and _ electrical 
impulses on cerebral metabolism may have a 
common mechanism. MclIlwain (1952) has con- 
sidered this question so far as the application of 
potassium and electrical stimuli in vitro is con- 
cerned, and he concluded that in both cases the 
stimulation of metabolism is probably secondary to 
intensification of processes involved in functional 
activity. This is more or less self-evident in the case 
of electrical stimulation, particularly since the 
chemical changes caused by application of electrical 
pulses to brain-cortex slices parallel those seen 
during heightened electrical activity of the central 








55 


of 
em 


The 
ne, 
» of 
oir 

to 
on- 
‘ifi- 


53) 


bic 
» is 


ate- 
om- 


um 
ica- 
lon 


rine 
: of 


> 8 
‘on- 
. of 
on- 
the 
y to 
mal 
“ase 
the 
ical 
een 
tral 





Vol. 61 


nervous system in vivo. The relation of the meta- 
bolic effects of protoveratrine and electrical stimuli 
will be dealt with in the succeeding paper. 

The increase in metabolic activity caused by 
raising the external concentration of potassium 
ions is believed by McIlwain (1952) to occur in 
support of increased osmotic work performed to 
re-establish normal ionic concentration differences 
across the cell membrane. A similar mechanism 
may underlie the metabolic action of protovera- 
trine. Shanes (1952) has shown that, in resting 
nerve, veratrum alkaloids (veratrine) cause net 
release of K* and uptake of an equivalent amount 
of Na*. The effect of protoveratrine on potassium 
balance in cerebral-cortex slices is in the same 
direction; i.e. under conditions where the tissue 
can be presumed to be depleted of potassium, the 
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ment of calcium ions from the cell surface (Gordon 
& Welsh, 1948). Since calcium stabilizes biological 
membranes and may be bound to and immobilize 
molecules that may act as carriers for Na* and K*, 
and since the cell membrane in excitable tissues 
is highly sensitive to alterations in the external 
Ca?+/K* ratio, such displacement of calcium ions 
could account for increases in permeability and also 
for sensitization to potassium (see Bacq, 1939). It 
may be the primary cause for the increase in 
metabolic activity. Removal of external calcium 
ions, which will cause Ca?+ bound at the cell 
surface, in equilibrium with external Ca?*, to leave 
the cell membrane, has been found to accelerate 
respiration and glycolysis in cerebral cortex 
(Dickens & Greville, 1935; Canzanelli, Rogers & 
Rapport, 1942). 


Table 10. Parallelism of the effects of protoveratrine, potassium salts and electrical stimulation 
on respiration and glycolysis of cerebral-cortex slices and other tissues 


+ =increase, 


— =decrease, 0=no change. 


Agent 
Protoveratrine x Electrical 
Metabolic event approx. 10-*m approx. 10-'m pulses 
O, uptake in glucose, in lactate and in pyruvate +¢ +0 +f* 
O, uptake in succinate and in L-glutamate 0 0% # 09-7 
O, uptake in glucose plus 10-* to 10-?m-malonate oF 0, —? e 
Aerobic glycolysis +4 4b,¢ 4m 
Anaerobic glycolysis -4 —he -? 
O, uptake on removal of agent -4 -? -f 
O, uptake of minced or homogenized brain 07 oP { = 
wand 
O, uptake of non-excitable tissues a { Pe : } 0” 


* Concentrations of protoveratrine ranging up to 10-*m. 


Present paper. ; 


Ashford & Dixon (1935). _ 
Dickens & Greville (1935). 2 
Canzanelli et al. (1942). : 
Lipsett & Crescitelli (1950). ? 
MclIlwain (1951 a). ¢ 
Kratzing (1953). " 
McIiwain (1953). . 
Dixon (1937). : 
MclIlwain (19515). ? 
Wollenberger (unpublished). 


7h 8 Fe Ne ROSA 


drug prevents reaccumulation of the ion. The rate of 
turnover of potassium may actually be increased by 
protoveratrine. Such change would fit in with and 
could explain the rise in respiration and glycolysis. 
As Shanes (1951) has shown in nerve, veratrine 
increases the net rates of both loss of potassium 
during stimulation and of its reabsorption during 
recovery. According to the same author (Shanes, 
1952; Shanes, Grundfest & Freygang, 1953) vera- 
trum alkaloids increase membrane permeability to 
K* or other ions (Nat, Cl”) to whose movements 
that of K* is linked. There is some evidence that 
the basic effect of veratrum alkaloids is a displace- 


Kimura & Niwa (1953). 

Heald (1953). 

MclIlwain, Anguiano & Cheshire (1951). 
Mcllwain (private communication). 

Dixon & Meyer (1936). 

Abood, Gerard & Ochs (1952). 
Narayanaswami & McIlwain (1954). 
Needham, Nowinski, Dixon & Cook (1937). 
Aebi (1953). 

Kratzing (1951). 


Protoveratrine and inhibition of the Pasteur effect. 
Seits & Engelhardt (1949) and Judah & Williams- 
Ashman (1951) found that a variety of compounds 
which inhibit the Pasteur effect in cells and tissue 
slices also uncouple oxidation and phosphorylation. 
MclIlwain (1950), working with brain tissue, dis- 
covered that the inhibitory action of some of these 
compounds on the Pasteur effect was correlated 
with inhibition of the enzyme which hydrolyses 
DPN at the nicotinamide—ribose linkage. These 
relationships are probably of considerable signifi- 
cance, but they do not constitute a general rule. 
Exceptions have been noted by MclIlwain (1950) 
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and Lehninger (1951). Protoveratrine, which does 
not interfere with oxidative phosphorylation in 
homogenized brain, is probably a different type 
again of Pasteur effect inhibitor. Its action on the 
nucleosidase attacking DPN was not tested. How- 
ever, the ability of nicotinamide, in a concentration 
which inhibits splitting of DPN (Mann & Quastel, 
1941; Handler & Klein, 1942) to give protection 
against the depression of anaerobic glycolysis by 
protoveratrine, suggests that the alkaloid, far from 
being an inhibitor of the DPN-splitting enzyme, 
may actually, under anaerobic conditions, bring 
about its activation. 

Breakdown of DPN in brain slices is normally 
restricted, but is rapid when the cells in the tissue 
are damaged (Gore, Ibbott & McIlwain, 1950). It is 
conceivable that protoveratrine and anoxia com- 
bined cause disorganization of cellular structures, 
resulting in an ‘unmasking’ of the DPN-splitting 
nucleosidase and possibly also of other, normally 
restrained, hydrolytic enzymes. This need not 
occur through direct physical action on the part of 
the alkaloid. If protoveratrine stimulates processes 
involved in the functional activity of neurons, the 
increased energy demands of the tissue might lead, 
anaerobically, to exhaustion of the stores of 
energy, required not only for specialized function, 
but for chemical syntheses (including synthesis of 
DPN) and for maintenance of labile cellular 
structures. Facilitation by anoxia of the entry of 
protoveratrine into the cell (see Hill, 1933; 
Fromherz, 1933) may be an additional factor 
responsible for the slowing of anaerobic metabolism, 
by permitting the tissue concentration of the 
alkaloid to rise to levels which might also be in- 
hibitory aerobically (cf. Fig. 1). Aerobic incubation 
in media containing low, but anaerobically in- 
hibitory concentrations of protoveratrine did not 
result in deficiency of DPN, as shown by high rates 
of aerobic lactic acid production. It is possible, 
however, that also under aerobic conditions proto- 
veratrine might cause a drain on energy-rich 
phosphate. Lowered levels of phosphocreatine 
have been observed in veratrinized muscle (Nach- 
mansohn, 1929) and nerve (Gerard, 1934), as well 
as in brain in physiological activity, in convulsions, 
during exposure to high concentrations of K*, and 
in other conditions characterized by high rates of 
respiration and glycolysis in which energy utiliza- 
tion is believed to be accelerated (see, for example, 
MclIlwain, 1952). 

In connexion with the problem of the Pasteur 
effect it is of interest that protoveratrine, in 
contrast to its action on cerebral-cortex slices, was 
found to stimulate respiration in heart-muscle 
slices without increase in glycolysis. The difference 
in the behaviour of the two protoveratrine-sensitive 
tissues may be attributed to differences in enzymic 


A. WOLLENBERGER 





1955 


make-up. Heart muscle is rich in enzymes and 
coenzymes of the tricarboxylic acid cycle and of the 
electron-transfer system, but its glycolytic power 
is low. The glycolytic capacity of brain cortex, on 
the other hand, is high relative to its oxidative 
capacity. In brain cortex the extra pyruvate 
formed by acceleration of glucose breakdown can 
compete successfully with oxygen for reduced 
DPN and may for the most part be reduced to 
lactate. This situation is unlikely to arise in heart 
muscle. In point of fact, substances which increase 
aerobic glycolysis in brain cortex have been re- 
ported to decrease glucose utilization in tissues 
characterized by predominance of oxidative over 
glycolytic capacity, such as lactating mammary 
gland (Terner, 1952) and heart muscle (Wollen- 
berger, 1953). 


SUMMARY 


1. Cerebral-cortex slices from guinea pigs 
poisoned with protoveratrine exhibited accelerated 
respiration, high aerobic glycolysis and depressed 
anaerobic glycolysis. 

2. The same changes were seen when cerebral 
cortex of normal animals was exposed in vitro to 
protoveratrine concentrations of the order of 
10-6. 

3. Protoveratrine accelerated oxygen uptake in 
media containing glucose, lactate, pyruvate or 
oxaloacetate, but not in media containing succi- 
nate, L-glutamate or no added substrate. 

4. Acceleration of respiration was restricted to 
nervous and cardiac tissues. 

5. Protoveratrine had no effect on respiration and 
aerobic phosphorylation in homogenized cerebrum. 

6. The accelerating effect of the alkaloid on the 
respiration of cerebral slices could be reversed by 
washing. The inhibition of anaerobic glycolysis 
could partly be prevented, but not reversed, by 
nicotinamide. 

7. External K* was necessary for the accelera- 
tion of aerobic metabolism. 

8. Net uptake of K* by washed cerebral-cortex 
slices was inhibited by protoveratrine in concen- 
trations which stimulated respiration and aerobic 
glycolysis. 

9. These effects of protoveratrine have been 
compared with the response of cerebral tissue to an 
increase in the concentration of external K* and to 
electrical impulses and have been discussed in 
relation to the action of other inhibitors of the 
Pasteur effect. 


I wish to express my gratitude to Professor O. Krayer for 
his interest and encouragement throughout the course of 
this work. I am also indebted to Professor R. O. Greep and 
his staff for performing the potassium analyses. The present 
work was supported by grants from the Life Insurance 
Medical Research Fund and the U.S. Public Health Service. 
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Action of Protoveratrine on the Metabolism of Cerebral Cortex 
2. ELECTRICALLY STIMULATED CEREBRAL-CORTEX TISSUE 


By A. WOLLENBERGER* 
Department of Biochemistry, Institute of Psychiatry (British Postgraduate Medical Federation, 
University of London), Maudsley Hospital, S.E. 5 


(Received 29 December 1954) 


In the preceding communication (Wollenberger, 
1955) it was reported that addition of small 
amounts of protoveratrine to freshly cut sections of 
guinea pig cerebral cortex causes, amongst other 
metabolic changes, an acceleration of oxygen con- 


* Present address: Pharmakologisches Institut der 


Humboldt-Universitat, Berlin, N.W. 7. 


sumption. The metabolic conditions which were 
required for this acceleration to take place were 
similar to those which had previously been found in 
this laboratory to be essential for acceleration of 
the metabolism of cerebral-cortex slices by means 
of electrical pulses. The present experiments were 
started in order to see whether these pulses and 
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protoveratrine acted synergistically on cerebral- 
cortex respiration. When such synergism was not 
at first found, cerebral-cortex tissue was treated 
with the veratrum alkaloid and stimulated by brief 
electrical pulses spaced widely apart. A large rise in 
respiratory activity ensued which was reminiscent 
of the metabolic response of veratrinized nerve 
axons to brief stimuli (Hill, 1933; Schmitt & Gasser, 
1933). 


METHODS 


Adult guinea pigs were decapitated, and slices of cerebral 
cortex 0-35 mm. thick prepared and handled for electrical 
stimulation and measurement of oxygen consumption in 
glucose—phosphate-saline as described by McIlwain (1951). 
Silver-wire grid-electrodes H (Ayres & Mcllwain, 1953) and 
electrode vessels A (McIlwain, 1951) were used. Electrical 
stimuli were generated by condenser discharge with an 
instrument (Ayres & McIlwain, 1953) delivering alternating 
pulses at a rate of 100/sec. to up to four vessels simul- 
taneously. As shown on the screen of a cathode-ray 
oscillograph the pulses had time-constants of 0-45- 
0-5 msec. and the peak voltages indicated below. For inter- 
mittent stimulation the current to the vessels was periodic- 
ally interrupted with a relaxation oscillator device designed 
and constructed by P. J. W. Ayres (see Mc!lwain, 1954). 
The interrupter was set to allow current to flow for up to 
16 msec. between intervals lasting 2-6—2-9 sec. Thus, since 
the frequency of discharge was 100/sec., 1-2 pulses were 
delivered every 2-6-2-9 sec. 

Following a preliminary incubation of 30 min. during 
which the rate of oxygen consumption of the unstimulated 
tissue was determined, impulses were applied and proto- 
veratrine was added from the side arms of the vessels. The 
sample of protoveratrine used, which was kindly donated 
by Professor Krayer, consisted of 60% of protoveratrine A 
and 40% of protoveratrine B. Vessels not connected to 
the pulse generator and/or not containing protoveratrine 
served as controls. 


RESULTS 


Electrical stimulation at 100 pulses/sec. 


Voltage—-response relation in normal slices. Under 
present experimental conditions the threshold 
voltage for eliciting a rise in the rate of respiration 
of cerebral cortex by means of uninterruptedly 
applied pulses lies between 1-5 and 2-0v (Table 1). 
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As the applied potential is increased above 2v the 
respiratory rise becomes progressively larger until 
a maximum increase of about 80 % is reached at or 
probably somewhat below 10v. That the rate of 
respiration did not increase by 100%, as it did in 
other experiments where stimulating electrodes of 
similar geometrical characteristics were used (e.g. 
MclIlwain, 1951), may have been because the present 
slices were not quite sufficiently covered by the 
electrode grid, leaving the outer fringes out of the 
reach of the pulses. 

Tissue treated with protoveratrine. Table 1 shows 
that the stimulating effects of protoveratrine and 
of high-frequency condenser pulses on cerebral- 
cortex respiration are not additive. This is best 
illustrated by the experiment carried out at an 
applied peak potential of 2v. Pulses of this peak 
potential normally raise the rate of respiration by 
about 20%. In the presence of 1-4 x 10-6m proto- 
veratrine, which accelerates respiration by about 
33%, they do not cause uptake of additional 
oxygen. The difference in the rate of O, uptake of 
slices exposed to 2-8 x 10-§m protoveratrine at 0 
and at 2v is likewise not significant. At a peak 
potential of 10v this concentration even lowers the 
rate of electrically stimulated metabolism, as does 
1-4 x 10-m protoveratrine at 20v. 


Intermittent electrical stimulation 


Results of experiments in which single pulses or 
pairs of pulses were delivered at intervals of 2-6- 
2-9 sec. are recorded in Table 2. The peak potential 
was 20v. In contrast to peripheral nerve (Schmitt 
& Gasser, 1933), cerebral-cortex slices normally 
respond to this type of stimulation with an appreci- 
able acceleration of oxygen consumption, which 
amounts to about 20%. The same acceleration is 
obtained, according to MclIlwain (1954), when 
cerebral-cortex slices are exposed to bursts of 
condenser pulses of similar characteristics for one- 
fifth of the experimental time, with intervals 
between bursts greater than 8 sec. 

In the presence of a concentration of protovera- 
trine (1-4x10-*m) which increases the rate of 
oxygen uptake of electrically unstimulated cerebral- 





Table 1. Effect of protoveratrine on the metabolic response of cerebral-cortex slices 
to electrical pulses delivered at 100/sec. 


Each figure represents the mean+standard error of five to eight individual determinations during the period of 


5-45 min. after the addition of protoveratrine. 


Increase in respiratory rate 
(rate without drug and pulses = 100) 
at peak potentials of 





Protoveratrine — ——— — —— —, 
(uM) 0 l-5v 2-0v 3-5V 10v 20v 
0 = 443-1 19+3-7 47 +.9-4 79+59 7542°3 
1-4 3344-0 30+4-1 3144-1 - 7548-6 5144-4 
2-8 55 +6°5 -- 62+3-0 — 53+4-0 — 
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cortex tissue by about 30% the tissue responds to 
the present mode of intermittent electrical stimula- 
tion with an increase amounting to 75 % (Table 2). 
Thus, simultaneous exposure to protoveratrine and 
to brief electric currents applied at long intervals 
produces stimulation of metabolism which is 
greater than the sum of the individual effects of 
each of these two agencies. Comparison with 
Table 1 indicates that in cerebral-cortex slices 
treated with protoveratrine delivery of pulses with 
a peak potential of 20v at a rate of 1-2 every 





Table 2. Effect of protoveratrine on the response of 
respiring slices of cerebral cortex to intermittent 
electrical stimulation 


One or two condenser pulses of peak potential 20v 
were delivered at intervals of 2-6-2-9 sec. Experimental 
period: 45 min. Rates are mean values followed by the 
standard error of the mean. 


Increase in respiratory rate 
(untreated tissue = 100) 


A 


Protoveratrine #1 
(uM) No pulses With pulses 

0 0 22+1-3 

1-4 29443 7548-8 


2-6-2-9 sec. brings about greater acceleration of 
respiration than delivery at a rate of 100 per sec. 
The acceleration approaches the maximum rise 
obtainable by means of the uninterruptedly 
delivered pulses. Reckoned in terms of the per- 
centage increment of the oxygen uptake due to one 
impulse, delivery of 20v pulses at a frequency of 
1-2 per 2-6—2-9 sec. is between 38 and 85 times as 
effective in normai cerebral slices as delivery at 
100 per sec. In slices treated with 1-4x 10-*m 
protoveratrine the effectiveness of the low- 
frequency stimulation is between 344 and 766 times 
as great. 


Response of white matter of brain 


Kratzing (1951), who investigated the effect of 
electrical currents on the respiration of various 
isolated guinea-pig tissues, reported that only 
‘excitable’ tissues responded with an increase in 
respiratory activity. In the preceding investiga- 
tion (Wollenberger, 1955) the metabolic action of 
protoveratrine was found to be characterized by 
similar tissue specificity. In neither of the two 
studies, however, had the white matter of brain 
been included among the tissues tested. It seemed 
of interest in connexion with the present series of 
investigations to determine the effect of electrical 
impulses and of protoveratrine on the respiration of 
white matter of brain. For this purpose the corpus 
callosum of guinea-pig brain, which consists almost 
exclusively of white matter, was dissected out 
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(I am indebted to Dr J. B. Brierley for performing 
this dissection). It was freed from adhering grey 
matter, and treated in the same manner as were 
cerebral-cortex slices in the experiments described 
above. The tissue responds to both electrical 
impulses and to protoveratrine with marked rises in 
the rate of respiration (Table 3). However, the rise 
due to electrical pulses, which had a peak potential 
of 10v and were delivered at a rate of 100 per sec., 
was less than in grey matter (cf. Table 1). Pulses of 
higher potential were not applied. It may be noted 
that the rate of oxygen uptake of unstimulated 
corpus callosum ranged between 25 and 29 pmoles/ 
g./hr. Pieces of unstimulated cerebral cortex of the 
guinea pig respire at about twice this rate. In 
isolated ox brain Dixon & Meyer (1936) had found 
a tenfold difference between the rates of oxygen 
consumption of cerebral cortex and of corpus 
callosum. 


Table 3. Stimulation of respiration of white matter 
of brain (corpus callosum) by electrical pulses and 
by protoveratrine 


Alternating condenser pulses of peak potential 10v were 
delivered at 100/sec. Experimental periods were of 40 min., 
with protoveratrine at 2-8 x 10-®m. 

O, uptake 





(umoles/g./hr.) 
ease mn, 

Before During 

exposure exposure 

Stimulating agent to agent to agent 
Electrical pulses 26 39 
29 39 
Protoveratrine 25 36 
27 40 

DISCUSSION 


Schmitt & Gasser (1933) reported that application 
of strong electrical shocks to isolated veratrinized 
nerve produced slight to moderate acceleration of 
respiration. The rate of oxygen uptake of such 
nerve, stimulated twice per sec., was greater than 
that of non-veratrinized nerve stimulated 120 times 
per sec. In the present experiments analogous 
changes were found in cerebral cortex. The accelera- 
tion caused in this tissue by protoveratrine jointly 
with strong condenser pulses delivered at a fre- 
quency of 1-2 per 2-6-2-9sec., exceeded the 
acceleration caused by continual delivery of these 
pulses at 100 per sec. in the absence of the alkaloid. 
The effect was much more pronounced than the 
corresponding one observed by Schmitt & Gasser, 
although it did not approach in magnitude the 
extraordinary rise in heat production which Hill 
(1933) had found in veratrinized nerve on electrical 
stimulation at frequencies below 1 per sec. 
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Schmitt & Gasser (1933) were able to correlate 
the increase in metabolism, brought about in 
nerve by electrical stimulation in the presence of 
veratrine, with an increase of the negative after- 
potential. It is not unlikely that the potentiation 
of the metabolic effect of brief electrical stimuli, 
brought about in sliced cerebral cortex by proto- 
veratrine, is attended by a corresponding electrical 
change. In the nerve fibre, protoveratrine pro- 
duces a lesser, but longer-lasting augmentation of 
the negative after-potential than does veratrine 
(Graham & Gasser, 1931). However, nothing is 
known as yet about the action of these or of other 
veratrum alkaloids on electrical activity in the 
higher parts of the nervous system. This also makes 
it all the more difficult to explain why the acceler- 
ating effects of protoveratrine and of high-fre- 
quency electrical stimuli do not sum up, although 
(see Wollenberger, 1955) they are strikingly similar 
in many respects. It seems that, as in the case of 
the veratrine effect on heat production in nerve 
(Hill, 1933), a period of rest between electrical 
stimuli is required in order that the protoveratrine 
effect can take its course. 


SUMMARY 


1. Simultaneous exposure of cerebral-cortex 
slices to protoveratrine and to brief condenser 
pulses, delivered at a rate of 100 per sec., did not 
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bring about a greater increase in the rate of 
respiration than did exposure to the drug or to the 
pulses alone. 

2. Simultaneous exposure of cerebral-cortex 
slices to protoveratrine and to brief condenser 
pulses, delivered at a rate of 1-2 every 2-6-2-9 sec., 
brought about an increase in the rate of respiration 
which was greater than the sum of the increases 
caused by the drug and by the pulses individually. 

3. The rate of respiration of isolated white 
matter of brain (corpus callosum) was increased 
both by electrical pulses and by protoveratrine. 


I wish to express my thanks to Dr H. MclIlwain for his 
hospitality and for his help and advice during this work 
which was undertaken during the tenure of a Life Insurance 
Medical Research Fund Fellowship. 
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Some time ago Kerr (1936) showed that the glyco- 
gen in the brain is very labile and that its determi- 
nation during in vivo experiments required special 
quick-freezing techniques. This lability has since 
been confirmed by others (Chesler & Himwich, 
1943; Albaum, Tepperman & Bodansky, 1946; 
Klein & Olsen, 1947), and recently Chance & 
Yaxley (1950) showed that the brain glycogen of 
mice dropped markedly within 1 min. after death 
and had effectively disappeared in 4-5 min. 


* U.S. Public Health Service Postdoctorate Research 
Fellow of the National Institute of Neurological Diseases and 
Blindness. Present address: Department of Biochemistry, 
McLean Hospital, Waverley, Massachusetts, U.S.A. 


Consequently, as prepared for in vitro experiments, 
brain slices, unlike liver slices or hemidiaphragm 
preparations, contain practically no glycogen, and 
to the best of our knowledge resynthesis of glycogen 
by such slices has not previously been demon- 
strated. 

In the studies of labile brain metabolites con- 
ducted in this laboratory, conditions for resyn- 
thesis of glycogen by surviving guinea pig cerebral- 
cortex slices were sought and are now reported, 
together with some studies of the effects of changes 
in concentration of potassium and phosphate ions, 
of added 2:4-dinitrophenol, and of electrical pulses, 
on the resynthesis. ’ 
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METHODS 


Metabolic techniques. In all experiments thin slices of 
guinea pig cerebral cortex were prepared and incubated in 
an oxygen atmosphere by the same methods that have been 
used previously in this laboratory (McIlwain, 1951a). 
Three slices of about 100mg. moist weight were cut 
successively from each cerebral hemisphere and incubated 
in 3-5 ml. saline in separate conical manometric vessels of 
about 15 ml. capacity. The standard saline, buffered with 
phosphate at pH 7-4, was made as described by Rodnight & 
McIlwain (1954) and was similar to that found to promote 
the resynthesis of labile tissue phosphates (MclIlwain, 
Buchel & Cheshire, 1951). Glucose was used as substrate 
throughout, and any additions or modifications are 
described in the individual experiments. Respiratory rate 
was measured in all experiments as a criterion of the 
metabolic condition of the slices. In experiments testing 
the effects of agents and changes in the incubating medium, 
the three slices from one hemisphere of a brain were incu- 
bated under normal conditions and served as control for the 
slices of the other hemisphere of the same brain which were 
incubated under the chosen experimental conditions. 

The time between death of the animal and final equi- 
libration at 37° was ordinarily about 20 min. Glycogen 
synthesis in slices rapidly prepared from one hemisphere 
was compared with that occurring in slices prepared more 
slowly from the companion hemisphere, the time of prepara- 
tion being varied from 10 to 30 min. No difference was 
found and therefore the normal procedure of slice prepara- 
tion was not altered. 

Estimation of glycogen. The method of estimating glyco- 
gen was a micromodification of Kerr’s (1936) method. 
Experiments were terminated by transferring each slice as 
rapidly as possible from the manometric flask to a centri- 
fuge tube calibrated at 2 ml. and containing 1 ml. of 
ethanolic KOH (2vol. abs. ethanol+1 vol. 60%, w/v, 
aqueous KOH). A small stainless-steel spatula was used for 
this transfer which took 5-10 sec. Each tube was immedi- 
ately shaken until the solvent had penetrated the slice, and, 
after all slices had been transferred, the tubes were loosely 
stoppered with glass bulbs and heated in a hot-water bath 
at 80-85° for 10 min. with frequent shaking. They were 
then cooled in cold water and centrifuged at 3000 rev./min. 
for 30 min. The ethanolic KOH was decanted and drained 
by inverting the tubes on a filter paper pad. To wash the 
residue free of cerebrosides, it was suspended in 1 ml. 
CHCl,-MeOH (1:4, v/v), the suspension briefly brought to 
boiling in a hot-water bath, and centrifuged for 10 min. The 
supernatant fluid was then decanted and the remaining 
liquid drained away by inverting the tube. This washing 
was repeated twice. The residue A was then dried by putting 
the tubes in a boiling-water bath for 10 min. 

The glycogen in A was hydrolysed by adding 1 ml. 
y-H,SO, to each tube and heating in a boiling-water bath 
for 2hr. The solutions were then cooled, roughly neutralized 
toa pH between 4-5 and 9-5 with NaOH, and diluted to the 
2ml. mark with water. Reducing substance was deter- 
mined on 0-5 ml. portions by the colorimetric method of 
Nelson (1944), using 0-5 ml. each of copper reagent and 
colour reagent and a final vol. of 6 ml. Optical density was 
measured in a Spekker absorptiometer, using Ilford filter 
no. 608 (620 my. onwards). A glucose standard was run 
with each set of glycogen hydrolysates. It should be noted 
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that HCl cannot be substituted for H,SO, in hydrolysissince 
the chloride ion interferes with the colorimetric method in 
this low range. 

Because of the rapid in vivo loss of brain glycogen it was 
feared that the resynthesized glycogen in the slices might 
also be labile. Accordingly, slices from some hemispheres 
were placed on the side of the centrifuge tubes for varying 
times before being submerged in the ethanolic KOH. No 
decrease in the glycogen level below that of the corresponding 
slice in the rapidly fixed hemisphere was noted in the slices 
for which fixing was delayed up to 1 min. Varying losses did 
occur in long intervals depending upon how weil the slice 
was drained of saline. In all experiments reported sub- 
sequently in this paper the transfer of slices was done as 
quickly as possible, i.e. within 5-10 sec., and thus no loss is 
indicated during transfer. 

Electrical pulses. In experiments using electrical pulses 
the methods reported previously from this laboratory were 
employed, using alternating condenser pulses of 18v peak 
potential and 0-4 msec. duration at 100/sec. in all cases. The 
apparatus and holders used in long stimulation experiments 
were described by McelIlwain (195la), and that used for 
short stimulation and rapid transfer by Heald, McIlwain & 
Nelligan (1954). Slices from control, unstimulated hemi- 
spheres were put in identical holders or apparatus and 
treated exactly as were the stimulated slices, except for the 
actual passage of current. 


RESULTS 
The rate of resynthesis of glycogen 


Glycogen was determined in cortical slices after 
varying incubation times (Table 1). Mean values 
for each time of incubation are given and also 
separate results for the three slices cut successively 
from the cortex. The maximum rate of synthesis 
was about 1 ymole glucose equiv./g. moist tissue/ 
hr. There was no significant difference in synthesis 
between the three layers, although the top slice 
had a consistently higher initial glycogen content. 
Glycogen had reached maximum level in the slices 
from some hemispheres in 2-3 hr. and in most by 
4hr. Levels attained after 6 hr. were never higher 
than those obtained with shorter incubations. 


Evidence indicating the substance 
synthesized is glycogen 

The method used for isolation of the substance to 
be analysed demonstrated that it had certain of the 
physical and chemical properties of liver glycogen, 
i.e. insolubility in ethanol or CHCl,-MeOH, 
solubility in water, and stability to hot alkali. To 
further characterize this material supposedly con- 
taining glycogen, the following tests were per- 
formed on the solid matter which remained in the 
centrifuge tubes after decanting the ethanolic 
KOH, washing with hot CHCl,-MeOH and drying 
(residue A, preceding column). 

Iodine test. A drop of dilute Lugol’s iodine solu- 
tion (50 mg. I,+100 mg. KI/100 ml.) was put on 
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the dried residue A obtained from incubated and 
unincubated slices. No colour was obtained from 
residues of unincubated slices, but with residues 
from slices incubated 4 hr. a marked red-purple 
colour was obtained which was similar to that 
given by an equivalent amount of glycogen under 
similar circumstances. 

Anthrone test. The test as described by Kahan 
(1953) gave a substantial colour with the reagents 
employed in separating the glycogen. A darker 
colour was obtained with residues from slices 
incubated 4hr., but not with residues from un- 
incubated slices. 

Lack of reducing action without hydrolysis. The 
dried residue A from a 4hr.-incubated slice was 
dissolved directly in 2 ml. water without hydro- 
lysis, and reducing substance was determined by 
the usual procedure. None was found. 

Destruction of reducing substance by fermentation. 
A number of residues A from incubated slices were 
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hemisphere of the same brain were incubated in 
phosphate-free saline buffered with 25 mm amino- 
trishydroxymethylmethane at pH 7-4. Synthesis 
by slices (Table 2) in the two salines was equal 
within the normal variation between slices. 


Glycogen synthesis and agents which stimulate 
respiratory rate 


2:4-Dinitrophenol. 2:4:Dinitrophenol was added 
to the standard saline to give concentrations 
varying from 2-6 x 10-§ to 4-5x 10-5m and these 
salines were used for incubating the experimental 
slices (Table 3). The synthesis of glycogen was 
reduced by very low concentrations of this agent 
and eliminated at concentrations lower than that 
which maximally stimulates respiration. At a con- 
centration of 1-8 x 10-4m, which is reported (Peiss 
& Field, 1948) to inhibit respiration of cerebral 
cortex slices, we found no synthesis of glycogen. 
However, in contrast to the findings of the previous 


Table 1. Glycogen content of guinea pig cerebral-cortex slices incubated for various times in standard saline 


Top, second and third slices were cut successively from guinea pig cerebral cortex and incubated aerobically at 37°. 
Values given are means followed by standard deviation, the number of determinations in parentheses, and, in the last line 


only, the range of values. 


Glycogen content 


(umoles glucose/g. moist tissue) 


after incubation for 


| 


Slice 0 
Top 1:0+0-4 
(4) 
Second 0-3+0-1 
(12) 
Third 0-4+0-2 
(22 
Mean for all slices 0-4+0-2 
(38) 
0-1-6 


hydrolysed and analysed in the normal manner. 
The solutions remaining after portions were taken 
for analysis were pooled to obtain sufficient 
material for yeast fermentation (Raymond & 
Blanco, 1928). For fermentation, 2-5 ml. of this 
was treated with 1 ml. of washed yeast suspension 
(0-25 g. yeast/ml. water) and the process stopped 
with 0-5 ml. (5%, w/v) tungstic acid. The fer- 
mented solution and appropriate yeast- and re- 
agent-blanks were analysed for glucose by Nelson’s 
(1944) method. Results indicated that the re- 
ducing substance released on hydrolysis of residue 
A was at least 90% fermentable by yeast. 


Glycogen synthesis and phosphate concentration 


The slices of one hemisphere were incubated in 
the usual phosphate-buffered saline which was 
11-7 mm in phosphate while slices from the other 


lhr. 2 hr. 4 hr. 
1-4+0°5 2-6+0-9 3-4+0-6 
(10) (21) (30) 
0-8+0°3 2-240°8 2-8+0-7 
(14) (15) (22) 
1040-3 2-0+0-4 2-7+0-9 
(10) (8) (18) 
1:140°3 2-340°8 3-0+40-7 
(34) (44) (70) 
0-3-2-0 0:9-3-7 1-3-4-6 


Table 2. Comparison of glycogen synthesis by slices 
from companion cerebral hemispheres in phos- 
phate-free and phosphate-buffered salines 
Phosphate-buffered saline was the standard saline. In 

phosphate-free saline KH,PO, was replaced by equimolar 

KCland phosphate buffer was replaced by 25 mm aminotris- 

hydroxymethylmethane buffer at pH 7-4. 


Incubation Glycogen content 


Expt. time (umoles glucose/g. 
no. Saline (hr.) moist tissue) 
1 PO,-free 2 1-7, 1:3 
4 1-9, 1-9 
PO,-buffered 2 1-8, 2-1 
4 2-1, 2-2 
2 PO,-free 2 2-2, 2°5 
4 1-8, 1-9 
PO,-buffered 2 3-7, 3-3 
4 2°5, 2°5 
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workers, in our experiments the respiration was 
observed to be initially rapid and then to decrease 
steadily to negligible values. 

To ascertain whether or not glycogen already 
formed in incubated slices was removed by sub- 
sequent addition of 2:4-dinitrophenol, experiments 
were done in which this agent was tipped into the 
flasks from the side-arms after 3 or 3-5 hr. incuba- 
tion. In these cases the final 2:4-dinitrophenol 
concentration was 4-5x10-5m and the glycogen 
content dropped nearly to its initial level within 
10 min. after tipping in the 2:4-dinitrophenol. It 
was completely eliminated in 20min. Control 
hemispheres synthesized the normal amount of 
glycogen. 
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potassium ion, although the oxygen consumption 
was markedly increased. The apparent increase of 
26 % is less than the observed variation of + 28% 
shown (Table 1) by normal slices incubated for 
1,2 and 4hr. Also the glycogen levels of individual 
slices in high-potassium saline were not consistently 
higher than corresponding slices from control 
hemispheres. 

Electrical pulses. It was found that the in- 
creased respiratory rate obtainable with electrical 
pulses in the present experiments was not main- 
tained more than 1-5—2 hr., and that the tissue did 
not respond well to the pulses after 4 hr. incuba- 
tion for the purpose of obtaining maximum glyco- 
gen synthesis. Consequently, the study of effects of 


Table 3. Effect of agents stimulating respiratory rate on glycogen synthesis 
by slices of guinea pig cerebral cortex 


In each experiment control slices were from one cerebral hemisphere and treated slices from the other hemisphere of the 
same brain. 2:4-Dinitrophenol was added to standard saline and was present throughout the incubation. Increase in K* 
was made by replacing NaCl in the standard saline with KCl. Electrical pulses were applied to the slices in holders type D 


(McIlwain, 1951 a). 


Incubation 


time 

Stimulating agent (hr.) 
2-6 x 10-*m 

2:4-dinitrophenol 
5-2 x 10-*m 

2:4-dinitrophenol 


6-5 x 10-*m 
2:4-dinitrophenol 


1-3 x 10-5m 
2:4-dinitrophenol 


4-5 x10-°m 
2:4-dinitrophenol 
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26 mm Kt 
45 mm Kt 


Electrical pulses for 1 hr., 
after 1 hr. incubation 


now > 


to 
bo 
or 


Electrical pulses for 2 hr., 
after 15 min. incubation 


_ 
1 
or 


Continuous electrical pulses 
without previous incubation 


Potassium ion. To test the effect of increased K* 
content of the incubating medium on glycogen 
synthesis, test salines were made in which part of 
the NaCl was replaced by equimolar KCl. The 
results of experiments using these salines (Table 3) 
show that there was no significant change in 
glycogen synthesis by slices in salines containing 
a’ much as seven times the normal amount of 


Average Average glycogen content 
stimulation of (ymoles glucose/g. moist tissue) 
respiratory rate 
(%) 
15 
4 
15 
30 
28 
21 
46 
40 
29 
33 
88 
84 
74 
140 
117 
152 
38 
72 
60 
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electrical pulses on glycogen synthesis was limited 
to shorter experiments. Application of electrical 
pulses (Table 3) lowered the level to which glycogen 
was synthesized, whether stimulation was con- 
tinuous from the start or an incubation period up to 
an hour was allowed first. The decreases of 40 and 
58% are beyond the variation between normal 
slices, and stimulated slices were consistently lower 
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in glycogen content than corresponding control 
slices. 

In an attempt to see whether a rapid, transient 
rise in glycogen level, similar to that reported in 
vivo in convulsed mice (Chance & Yaxley, 1950), 
could be obtained after the glycogen level had been 
built up by incubation of the slices, experiments 
were run using the apparatus described by Heald 
et al. (1954) for rapid stimulation and transfer of 
slices. The slices were incubated for 3-5 hr. in the 
usual manometric vessels, and then subjected to 
pulses for 10 sec. and fixed rapidly. No difference 
was found between slices which received pulses and 
those which did not. 


DISCUSSION 


Glycogen from the brain fixed in vivo has been 
shown by isolation (Kerr, 1938) to be chemically 
indistinguishable from liver glycogen, i.e. it is a 
polysaccharide of glucose. As further evidence for 
this Brante (1954) recently reported that cerebral 
glycogen exhibited only one spot when hydrolysates 
were subjected to chromatography for sugars. The 
results of the present paper show that a chemically 
similar material is obtainable in vitro from cerebral 
cortex slices. The maximum amount of glycogen 
synthesized by the slices was about 75 ng./100 mg. 
moist tissue, although a few higher values were 
obtained. No data have been found for in vivo 
levels of glycogen in guinea pig brain but this 
figure is closely similar to values for normal mouse 
cerebral cortex (Chance & Yaxley, 1950) and for 
adult dog and cat cerebral cortex (Chesler & 
Himwich, 1943). 

The rate of glycogen synthesis in these studies is 
only about one-tenth the rates of synthesis re- 
ported in vitro in diaphragm (Stadie & Zapp, 1947) 
and liver (Ostern, Herbert & Holmes, 1939) and is 
also much less than the maximal rate of glyco- 
genolysis in the brain in vivo. Relatively slow fall 
and still slower resynthesis in the brain in vivo have 
also been reported (Gaevskaya, 1953). In view of 
the present concepts of the structure of glycogen 
macromolecules, the low rate found in the present 
work may perhaps be explained by the fact that the 
initial level of glycogen, at the start of incubation, 
is very much lower in cerebral-cortex slices than in 
diaphragm or liver slices. A synthesis of limit 
dextrins may first be necessary in the cerebral 
tissue and this reaction has been shown to be 
slower than simple extension of existing peripheral 
glucose chains (Stetten & Stetten, 1954). The rather 
large variation in amount of synthesis in normal 
brain tissue may also be partly accounted for by 
this initial very low level, since it has been shown 
(Kerly & Ottaway, 1954) with liver slices that the 
extent of glycogen synthesis depended upon the 
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initial level, and this effect could be expected to be 
accentuated at very low levels. Variation with diet, 
also reported by these workers with liver and 
diaphragm, would be minimal with cerebral 
glycogen (Kerr & Ghantus, 1936). 

That no change in glycogen synthesis occurred 
with variation in phosphate-ion concentration 
when the rest of the ionic environment was un- 
changed, is similar to findings with diaphragm 
(Stadie & Zapp, 1947) and liver (Buchanan, 
Hastings & Nesbett, 1949). 

In comparing the effects on glycogen synthesis of 
the three different agents stimulating respiratory 
rate, a number of factors must be considered. In 
several respects the metabolic effects of these agents 
on cerebral tissue have been shown to be similar 
but not additive (McIlwain & Gore, 1951; Gore & 
MclIlwain, 1952; McIlwain, 1952). However, it has 
been found (MclIlwain, 19516) that atropine acts 
differently on the metabolism of cerebral tissues 
stimulated by electrical pulses and by 2:4-dini- 
trophenol or by potassium ions. Also, potassium 
salts specifically stimulate glycogenesis in liver 
(Buchanan e¢ al. 1949) although not in diaphragm 
(Stadie & Zapp, 1947). In the experiments re- 
ported in this paper it would seem that the 
lowered glycogen levels obtained when respiration 
was increased by electrical pulses or 2:4-dinitro- 
phenol were associated with the lower available 
high-energy phosphate. With increased potassium 
ions this could have been offset by a stimulation of 
glycogenesis as occurs in liver. 

It should be noted that our results on the effect of 
electrical pulses in vitro are more nearly in agree- 
ment with the in vivo work of Klein & Olsen (1947), 
who found a decrease in brain glycogen after con- 
vulsions produced by electrical stimulation, than 
with that of Chance & Yaxley (1950) who found an 
increase. However, all three sets of data were 
obtained by quite different techniques. 


SUMMARY 


1. The resynthesis of glycogen by surviving 
slices of guinea pig cerebral cortex has been 
demonstrated, and the synthesis found to depend 
on the conditions under which the slices were 
incubated. 

2. Glycogen was resynthesized to a maximum 
level of about 3 umoles glucose/g. moist tissue and, 
under the conditions used, the rate of resynthesis 
was much slower than that of post-mortem break- 
down, being about 1 pmole glucose/g. moist tissue/ 
hr. 

3. Evidence from qualitative colour tests with 
I, and anthrone, and from fermentation experi- 
ments, supports the cqnclusion that the material 
resynthesized was glycogen. 
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4. The rate or amount of glycogen resynthesis 
was not affected by wide variation in phosphate 
concentration. 

5. Of agents stimulating respiratory rate, 2:4- 
dinitrophenol and electrical pulses reduced or 
eliminated glycogen resynthesis while increased 
potassium-ion concentration had no effect. 


The author is very grateful to Dr H. McIlwain, at whose 
suggestion this problem was undertaken, for guidance, 
advice and criticism throughout the work. He also wishes 
to express his gratitude to Mr R. Rodnight for valuable 
advice and criticism, to Dr P. J. Heald for help and advice 
with the quick-transfer technique, and to Mr T. B. P. 
Claypole for technical assistance. 
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The Component Fatty Acids of the Fat of Aspergillus nidulans 
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(Received 11 November 1954) 


Considerable interest has been shown from time to 
time in the production of fats on an industrial 
scale by micro-organisms, with the object of 
alleviating the possible world shortage of fats 
produced by the more usual agricultural methods. 
It is now well known that a considerable number of 
micro-organisms when cultured on suitable media 
exhibit high carbohydrate into fat-conversion 
rates. It is also known that in many cases the 
percentage of free fatty acid (expressed as oleic 
acid) present in the fat produced is of an order too 
high to permit of economical refining. 

The mould fungus Aspergillus nidulans, grown 
under suitable conditions, gives rise to a high yield 
of fat, the free acidity of which is low, and of the 
order of that usual in a commercial seed fat. The 
results of a preliminary nutritional investigation 
of this fat, which was carried out at the Dunn 
Nutritional Laboratory, Cambridge (private com- 


munication from Dr T. Moore and Mr R. J. Ward), 
were deemed sufficiently promising to warrant 
more extensive nutritional trials. At the same time 
it was considered highly desirable to investigate 
the component fatty acids and glycerides of A. 
nidulans fat. 


EXPERIMENTAL 


The fat was produced by culturing A. nidulans at 25° under 
static conditions on a medium of the composition (g./ 
100 ml.): sucrose, 34; NH,NO;, 0-6; K,SO,, 0-044; 
ZnSO,,7H,O, 0-005; FeCl,,6H,O, 0-016; NaH,PO,,2H,0, 
0-73; MgSO, ,7H,0, 0-50; made up with distilled water, the 
pH adjusted to 3-8. After 8 days, when fat accumulation 
had reached its maximum, the mycelial felts were removed, 
sterilized in free steam for 15 min., washed and pressed on 
a pad of filter paper. The felts were then dried in air for 
2 days at room temperature and finally in an air-oven at 
70° for 3 hr. The dried material was broken up, ground in 
a coffee-mill and extracted thoroughly (Soxhlet apparatus) 
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Table 1. Low-temperature crystallization of mixed fatty acids 


For explanation of symbols A, B and C, see text. 


Acids 
oo OOS SN 
Wt. % Iodine 
Group Properties (g.) (w/w) value 
A Insoluble in 10 vol. ether at —35° 23°85 42:3 14-6 
B Insoluble in 10 vol. acetone at —'70° 21-10 37-5 90-2 
#4 Soluble in 10 vol. acetone at — 70° 11-37 20-2 158-1 


with light petroleum (b.p. 40-60°). Removal of the solvent 
by distillation (last traces removed by heating in vacuo for 
15 min. at 100°) yielded 45% (calculated on the dry felt 
weight) of a pale yellow semi-solid fat. This, when examined 
by the procedures given in the publication of British 
Standards Institution (1950), had the following charac- 
teristics: saponification equivalent 290-8, iodine value 73-4, 
free fatty acids (as oleic) 0-8 %, unsaponifiable matter 1-4%. 

Spectroscopic examination of the mixed fatty acids 
isomerized under standard conditions (Hilditch, Riley & 
Patel, 1951) after removal of unsaponifiable matter gave: 

E}%, at 268 mp. (170°/15 min.), 4; 

Ej}, at 234 my. (180°/60 min.), 155; 
whence triethenoid acids, trace; diethenoid, 17-1; mono- 
ethenoid, 47-1; saturated acids, 35-8; the assumption being 
that the only unsaturated acids present are of the Cj, series. 


Determination of component fatty acids 


A portion of the fat was saponified; the fatty acids were 
collected and resolved by low-temperature crystallization, 
using the technique elaborated by Hilditch (1947, p. 471). 
A solution (10%, w/v) of mixed fatty acids in acetone was 
crystallized at — 70°, the material remaining in solution at 
this temperature constituting group C. Recrystallization 
of the acetone-insoluble material from solution in ether 
(10%, w/v) at — 35° yielded two further fractions, group B, 
recovered from the soluble portion, and those acids in- 
soluble in ether at this temperature (group A). The original 
mixed fatty acids were thereby resolved into three groups, 
A, B and C, consisting of mainly saturated, mainly mono- 
ethenoid and mainly polyethenoid acids, respectively, the 
proportions and iodine values of which are given in 
Table 1. Each group of acids was methylated (Bjarnason & 
Meara, 1944) and fractionally distilled (Table 2). Spectro- 
scopic data on the acids recovered from A 6—A 8, B, and C 
mixed fatty acids, respectively, from which the distribution 
of the unsaturated acids in each group of acids is deduced, is 
recorded in Table 3. From the analytical data obtained for 
each ester fraction and from the appropriate spectroscopic 
data, its composition and thence that of each acid group and 
finally that of the whole fat is deduced (Table 4) according 
to the general principles enunciated by Hilditch (1947, 
pp. 495-509). 


Identification of fatty acids 


Acids recovered from A2-A4: acids crystallized from 
ethanol, m.p. 62-7°, unchanged on admixture with pure 
palmitic acid. 

Acids recovered from A 6—A 8: saturated acids obtained 
after Lapworth—Mottram oxidation, on crystallization 
from ethanol gave m.p. 69-3°, mixed m.p. with stearic acid 
69-4-69-6°. 


Table 2. Fractionation of methyl esters of acids 
of groups A, B and C 


Wt. Saponification Iodine 
Fraction (g-) equivalent value 

Methyl esters of acids of group A 
Al 0-90 265-8 0-0 
A2 1-45 269-9 0-2 
A3 2-02 269-5 0-4 
A4 2-85 269-8 0-5 
Ad 2-90 278-3 24-5 
A6 2-90 295-9 28-7 
AZT 2-65 295-9 30-2 
A8 2-60 295-9 15-9 
AQ 2-26 299-0 79 
Al0 0-75 361-2* 11-0 

Methy] esters of acids of group B 
Bl 2-24 289-4 79-2 
B2 3-22 289-7 83-2 
B3 3-27 293-3 88-7 
B4 2-67 292-4 88-5 
B5 2-34 291-7 89-8 
B6 2-09 293-3 88-6 
Bi 0-73 306-7* 79-5 

Methyl esters of acids of group C 
cl 0-87 267-8 118-4 
C2 1-20 286-4 147-0 
03 1:37 291-4 157°3 
C4 1-38 291-6 156-9 
C5 1-35 293-6 154-5 
C6 1-38 293-2 154:8 
C7 0-86 293-7 152-0 
C8 1-11 317-4* 137-5 


* Equivalents of esters (freed from unsaponifiable 
matter) A10, 361-5; B7, 306-5; C8, 311-8. 


Table 3. Spectrophotometric data for 


selected fractions 
E1%, after alkali 
isomerization 
Iodine = ——*—— 
Acids value 268 mp. 234 mp. 
A6-A8 27-1 _— 215 
Mixed fatty acids of group B 90-2 2 66:8 
Mixed fatty acids of group C 158-1 6 671-0 


Acids recovered from B3—B4: dihydroxy acids soluble in 
hot ethyl acetate after Lapworth—Mottram oxidation, m.p. 
130°, mixed m.p. with 9:10-dihydroxystearic acid 131°. 

Acids recovered from C3-C5: bromination in light 
petroleum (b.p. 40-60°) gave tetrabromostearic acid, m.p. 
114°, unchanged on admixtyre with tetrabromostearic acid 
from seed-fat linoleic acid. 
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Table 4. Component fatty acids of Aspergillus nidulans fat 


Acid groups 


Total fatty acids 
excluding unsaponifiable 


A B Cc material 
(42:3%)*  (37:5%)*  — (20:2%)* -— 
(%)T (%)T (%)tT % (wiw) % (mol.) 

Myristic 0-6 —_ 2-2 0-7 0-8 
Palmitic 43-7 6-6 0-6 20-9 22-5 
Stearic 36-8 1-0 — 15-9 15-5 
Arachidic ) 

Behenic 3-4 — 1-4 1-3 
Lignoceric } 

Hexadecenoic 0-1 3-1 — 1-2 1:3 
Oleic 13-6 81-0 20-3 40-3 39-5 
Linoleic 13 7-1 68-3 17-0 16-8 
Linolenic — — 1-0 2 0-2 
Unsaturated Cy 0-5 1-8 7-4 2-4 2-1 
Unsaponifiable — — 0-2 — —_ 


* Groups as % (w/w) of total acids. 


+ Component acids as % (w/w) of group. 





Table 5. Component fatty acids of micro-organism fats 


Micro-organism ... Aspergillus Penicillium 
nidulans sp. 
Investigator Present Hilditch & 
investigation Meara (1944) 
Total lipids %* 45 — 
Free acidity (% oleic) 0-8 767 
Myristic 0-7 3°5 
Palmitic 20-9 40-5 
Stearic 15-9 7-9 
Arachidic ) 
Behenic 1-4 1-1 
Lignoceric j 
Hexadecenoic 1-2 7-9 
Oleic 40-3 19-0 
Linoleic 17-0 20-1 
Linolenic 0-2 — 
Coo-22 2-4 = 


Yeast strain Rhodotorula Torulopsis Baker’s yeast 
no. 72 sp. sp. 
Hilditch & Holmberg Reichert Newman & 
Shrivastava (1948) (1945) Anderson 
(1948) (1933) 
25-33 49-8 6-4 6-0 
33 18 51-2 14-3 
0-1 1-1 0-3 — 
25-6 29-8 7-9 21 
5-9 8-8 3-8 7 
5-1 1-4 0-2 — 
1:3 1-8 7-6 18 
54-5 40-1 21-5 — 
5-7 11-2 49-7 54 
0-7 4:8 4-4 — 
1-1 1-0 — _— 


Other mould fats have had the following free acidities: Aspergillus niger, 71-2 (Bernhauer & Posselt, 1937); A. sydowi, 
43-4 (Strong & Peterson, 1934); Penicillium aurantio-brunneum, 11-6 (Kroeker, Strong & Peterson, 1935); P. javanicum, 


10-6 (Ward & Jamieson, 1934). 


* Total lipid (acetone-soluble fat + insol. phosphatides) content is given as g./100 g. dry. wt. of cells. 


+ Unpublished observation of M. L. Meara. 








DISCUSSION 


The component fatty acids of the present specimen 
of fat, together with those of the fats elaborated 
by a number of micro-organisms are correlated in 
Table 5. It can be seen from Table 5 that the fat 
produced by A. nidulans is marked by the very low 
free acidity as compared with that produced by 
other moulds and yeasts so far studied. Some 
doubt exists as to whether the high free acidities 
are inherent in certain cases of fat synthesis or 
whether it is due to degradative reactions occurring 
due to cultural conditions. However, while certain 
moulds are able to produce fats of low free acidities, 
it would appear from the literature available that 
the free acidity of the fats elaborated by yeasts is of 
a relatively higher order. 


The most outstanding feature of A. nidulans fat 
resides in the composition of the saturated acids. 
In the triglyceride portion of all fats of micro- 
biological origin so far reported the palmitic acid 
content, while being somewhat variable, consti- 
tutes about 70 % of the saturated acids present, the 
remaining saturated acids consisting of stearic acid 
with smaller amounts of myristic, and the higher 
arachidic, behenic and lignoceric acids. In A. 
nidulans fat, however, the stearic acid content is 
only of the order of 5 units per cent lower than that 
of palmitic acid. This feature is of considerable 
interest since in this respect the fat resembles to 
some extent the seed fats elaborated by certain 
tropical plants, e.g. Madhuca latifolia (Hilditch & 
Ichaporia, 1938) and also that of the depot fat 
produced by certain (ruminant) animals. While the 
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glyceride constitution of the former fats conforms 
to the general rule of even distribution, the stearic- 
rich animal depot fats contain a higher proportion 
of fully saturated glycerides. The glyceride struc- 
ture of A. nidulans fat, now under investigation, 
will form the subject of a further communication. 

Hilditch & Lovern (1936) showed that natural 
fats could be classified into biological groupings 
according to their component fatty acids. Thus the 
fats of the most primitive organisms contain a 
large number of acids, the number of major com- 
ponent acids decreasing with biological develop- 
ment. The content of hexadecenoie acid in fats 
appeared to run in conformity with this principle 
but a number of apparent exceptions are now 
known. Thus while Newman & Anderson (1933) 
reported 18 % of hexadecenoic acid in the fat from 
baker’s yeast, Hilditch & Meara (1944) detected 
8 % in the fat elaborated by a Penicillium sp., and 
Reichert (1945) 7-6% in the fat synthesized by 
Torulopsis utilis. On the other hand, Hilditch & 
Shrivastava (1948) and Holmberg (1948) reported 
the presence of 1-3 and 1-8%, respectively, in 
certain yeast fats which gave a high carbohydrate 
into fat conversion. Holmberg therefore suggested 
that an increase in the reserve fat content was 
accompanied by a decrease in the hexadecenoic 
acid content of the fat. It is seen from Table 5 that 
the low hexadecenoic acid content of A. nidulans 
fat is in harmony with this concept. 

The reported linoleic acid content of the tri- 
glyceride portion of fats produced by micro- 
organisms ranges from 5 to 50%, and no correla- 
tion can yet be made even between the linoleic 
acid contents of the yeast fats. The linoleic acid 
content of A. nidulans fat (17%) falls well within 
the above range. This value is somewhat greater 
than that in the more unsaturated olive oils (12— 
15%), but is somewhat less than that in groundnut 
oils (20-35%). It is probable therefore that the fat 
elaborated by A. nidulans will be no more sus- 
ceptible to oxidative rancidity than these commer- 
cially valuable vegetable oils. 


SUMMARY 


1. The fat elaborated by A. nidulans grown on a 
sucrose medium is remarkably low in free acidity. 
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2. The component acids of the fat have been 
shown to be: myristic, 0-7; palmitic, 20-9; stearic, 
15-9; higher saturated acid, 1-4; hexadecenoic, 1-2; 
oleic, 40-3; linoleic, 17-0; linolenic, 0-2; Cyp_.. un- 
saturated 2-4% (w/w). 

3. The fat appears to be somewhat anomalous 
compared with the fats of other micro-organisms 
by virtue of its relatively high stearic acid 
content. 

4. The low hexadecenoic acid content is in 
harmony with the suggestion by Holmberg (1948) 
that high fat formers produce fats of low hexa- 
decenoic acid content. 

5. The linoleic acid content of this fat is some- 
what higher than that of olive oil but lower than 
that of groundnut oil. 


Our thanks are due to the Committee on Chemical 
Microbiology of the Medical Research Council for financial 
assistance. 
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Plant Enzyme Reactions Leading to the Formation 
of Heterocyclic Compounds 


1. THE FORMATION OF UNSATURATED PYRROLIDINE AND PIPERIDINE COMPOUNDS 


By P. J. G. MANN anp W. R. SMITHIES 
Biochemistry Department, Rothamsted Experimental Station, Harpenden, Hertfordshire 


(Received 14 December 1954) 


Zeller (1938) suggested that the reactions catalysed 
by animal diamine oxidase can be represented by 
the equation 


R.CH,.NH,+ H,O+ 0,=R.CHO+H,0,+ NH; 

(1) 
The reaction is an oxidative deamination in which 
only one of the —-_NH, groups of the substrate is 
attacked with the formation of an amine aldehyde. 
Tabor (1951) pointed out that the evidence of the 
formation of such aldehydes in reactions catalysed 
by animal diamine oxidase consists mainly in the 
demonstration of the capacity of the reaction 
products to fix bisulphite or cyanide. With 
histamine as substrate Tabor (1951) obtained 
further evidence of the aldehyde nature of the 
reaction product by showing its oxidation was 
catalysed by liver aldehyde oxidase, and by 
xanthine oxidase. With 1:4-diaminobutane (putres- 
cine) and 1:5-diaminopentane (cadaverine) as sub- 
strates, however, the oxidation of the reaction 
products was not catalysed by these enzymes. In 
attempts to demonstrate the presence of carbonyl 
compounds by the method of Clift & Cook (1932), 
in which fixed bisulphite is estimated by iodine 
titration, it was found that, particularly with 1:5- 
diaminopentane as substrate, the oxidation pro- 
ducts reacted directly with iodine in absence of 
added bisulphite. The oxidation products gave the 
colour tests with o-aminobenzaldehyde described 
by Schépf, Komzak, Braun & Jacobi (1948) for 
A-pyrroline and 2:3:4:5-tetrahydropyridine com- 
pounds. It was, therefore, suggested that while the 
oxidation of 1:4-diaminobutane and 1:5-diamino- 
pentane catalysed by animal diamine oxidase 
results in the formation of amine aldehydes, the 
latter undergo rapid cyclization to form Al}- 
pyrroline and 2:3:4:5-tetrahydropyridine respec- 
tively. The direct reaction with iodine was attribu- 
ted to the reactive double bonds of these com- 
pounds. 

Mann (1955) has shown that preparations of 
plant amine oxidase catalyse the oxidation not 
only of diamines but also, though less readily, of 
L- and p-lysine. In subsequent preliminary experi- 
ments on the course of oxidation of L-lysine, 


evidence was obtained of ring compound formation. 
The present work was therefore undertaken to 
investigate ring compound formation resulting 
from oxidations catalysed by plant amine oxidase, 
using as substrates L- and D-lysine and aliphatic 
diamines of the general formula NH,(CH,),NH,, 
where n= 4, 5 and 10. 


MATERIALS AND METHODS 


Enzyme preparations. Plant amine oxidase was prepared 
from pea seedlings by the method of Mann (1955). Some of 
the preparations used were those described by Mann (1955), 
the average N content of which was about 600yg./ml. 
Many other preparations were used, but the N content of 
only a few of these was determined. The catalase prepara- 
tions were those described by Mann (1955). The amount of 
catalase added to each reaction mixture was 50g. of 
the crystalline preparation (Katalasefahigkeit = 19 000) or 
an equivalent amount of less active preparations/3 ml. 
of reaction mixture. The peroxidase preparation used was 
obtained from horseradish by following the earlier stages of 
the method of Kenten & Mann (1954). The Purpurogallin- 
zahl (P.Z.) (Willstatter & Stoll, 1918) of the preparation 
estimated by the method of Keilin & Hartree (1951), using 
an EEL (Evans Electroselenium Ltd.) colorimeter and 
Ilford Bright Spectrum Blue Filter 622 (max. transmission 
445-500 mu.), was 760. 

Compounds. o-Aminobenzaldehyde was prepared by the 
method of Bamberger & Demuth (1901, 1927). «-Tri- 
piperideine (perhydro-4a:8a:12a-triazatriphenylene, Scheme 
1, formula II) and isotripiperideine (perhydro-1:8a:12a- 
triazatriphenylene, Scheme 1, formula III) were prepared 
by the method of Schépf et al. (1948). px-Pipecolinic acid 
hydrochloride was prepared by hydrogenation of picolinic 
acid hydrochloride with platinic oxide as catalyst by the 
method of Stevens & Ellman (1950), except that the H, was 
at atmospheric pressure and the reaction was continued 
until the uptake of H, stopped. Platinic oxide catalyst was 
prepared by the method of Adams, Vorhees & Shriner 
(1948). 

Melting points. These are uncorrected. 

Analytical methods. Total steam-volatile bases in the 
reaction mixtures were estimated by distilling samples in 
the Markham (1942) still with 2 ml. borate—carbonate 
(25 g. Na,B,O,,10H,O +10 g. Na,CO,/I.) and titrating the 
distillate, collected in boric acid, against n/140 HCl. 
Ammonia was estimated by treating the distillates col- 
lected in phosphate buffer, pH 7, with yellow HgO accord- 
ing to the procedure of Pugh & Quastel (1937). The washed 
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Hg0O,NH,; complex was transferred to the still and decom- 
posed with 2 ml. of 5n-NaOH. The distillate was collected 
in boric acid and titrated against n/140 HCl. Ammonia was 
also estimated by diffusion in Conway dishes at room 
temp. Carbonyl compounds were estimated by the method 
of Clift & Cook (1932). 

Paper chromatography. Both the ascending and de- 
scending one-dimensional techniques were used with 
Whatman no. 4 paper. The descending technique was 
preferred when the solutions under investigation contained 
inorganic salts. The solvents used were the upper phases of 
mixtures of n-butanol, acetic acid and water (4:1:5 or 
6:1:3 by vol.) as described by Partridge (1948), Campbell, 
Work & Mellanby (1951) and Morrison (1953). The latter 
more economical mixture was used in particular in the 
fractionations on cellulose columns. A 3:1:1 mixture was 
also found useful in separating the products of oxidation of 
1:4-diaminobutane. The papers were dried at room temp. 
and sprayed with, or dipped in, the appropriate reagent. 
The reagents used were 0-1 % (w/v) solutions of ninhydrin 
or of isatin or 0-2 % (w/v) o-aminobenzaldehyde in acetone. 
With ninhydrin and isatin the colours were developed by 
heating the paper at 100° for 5-10 min. With o-amino- 
benzaldehyde the colours were developed at room temp. No 
special precautions were taken to ensure that all samples of 
the solvents were equally esterified. No great accuracy is, 
therefore, claimed for the Ry values recorded. 

Cellulose columns. These were prepared with Whatman 
standard-grade cellulose powder suspended in acetone 
according to the procedure of Campbell et al. (1951). The 
acetone was washed from the columns with the 6:1:3 or 
4:1:5 mixture of n-butanol, acetic acid and water. The 
rate of solvent flow through the column was estimated by 
running methyl orange several inches in advance of the 
mixture under investigation. 

Resin columns. Columns of Zeo-Karb 215 (50-100 mesh/ 
in.) were prepared by a procedure based on that of Part- 
ridge & Westall (1949). 

Buffers. Phosphate buffers (0-2m) were prepared from 
solutions of KH,PO, and KOH. Pyrophosphate buffers 
(0-2m) were prepared from solutions of Na,H,P,0, and 
K,P,0,. 

Manometric methods. Measurements of 0, uptake were 
made, in air, in the Warburg apparatus at 28°. The volume 
of the reaction mixtures was 3 ml., except where otherwise 
stated, and 0-2 ml. 5n-KOH was present in the centre cups. 
Hydrogenation of the products of the amine oxidase- 
catalysed reactions was measured in the Warburg apparatus 
using platinum black as catalyst. The platinum black was 
freshly prepared for each experiment by suspending 10 mg. 
platinic oxide in 1 ml. water in a Warburg vessel and 
shaking the suspension in an atmosphere of H, until the 
uptake stopped. The platinum black tended to coagulate 
and could not be pipetted accurately. In some experiments 
this difficulty was partially overcome by making the 
suspensions in 0-2% gum arabic. The hydrogenation of 
unsaturated compounds has previously been followed in the 
Warburg apparatus by Harrison (1939) using colloidal 
palladium as catalyst. On a larger scale hydrogenations 
were carried out at atmospheric temperature and pressure 
in conventional apparatus. The solutions were shaken with 
20 mg. platinic oxide catalyst until the H, uptake stopped. 
Repeated additions of catalyst (10 mg.) were then made 
until such additions produced no further H, uptake other 
than that required for the formation of platinum black. 
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RESULTS 


Total oxygen uptake and total steam-volatile bases, 
ammonia and carbonyl compounds formed 


Oxygen uptake. With the diamines as substrates 
the O, uptake stopped, or nearly stopped, once a 
value of 0-5mol. O,/mol. substrate had been 
reached, provided catalase was present and the 
amounts of amine oxidase used were such as to give 
a suitable initial rate of O, uptake. The oxidation of 
L- and p-lysine was catalysed much less readily 
than that of the diamines and required compara- 
tively large amounts of the enzyme preparations. 
The total O, uptake with these substrates, in 
phosphate buffer at pH 8-5, approached 1 mol./mol. 
substrate. This increased O, uptake has been 
attributed by Mann (1955) to the catalysis of the 
oxidation of the products of the primary reactions 
by traces of heavy metals and of peroxidase in the 
amine oxidase preparations. It was shown by 
Mann (1955) that such secondary oxidation could 
be partially prevented by substituting pyrophos- 
phate for phosphate in the reaction mixtures. With 
L- and p-lysine as substrates, in pyrophosphate 
buffer at pH 8-5, the rate of oxidation was slow 
after the O, uptake had reached 0-5 mol./mol. 
substrate. When large amounts of the amine oxi- 
dase preparations, such as those used with L- and 
D-lysine, were used to catalyse the oxidation of the 
diamines, the total O, uptake remained at little 
more than 0-5 mol./mol. substrate with 1:4- 
diaminobutane, but with the other diamines 
secondary oxidations occurred giving a final O, 
uptake of 1 mol. O,/mol. substrate. 

Total steam-volatile bases and ammonia. Table 1 
shows the results of analyses of the reaction 
mixtures for NH, and total steam-volatile bases. 
Except with 1:4-diaminobutane as substrate the 
reactions were studied at both levels of O, uptake by 
suitably varying the amount of enzyme and by the 
use of both phosphate and pyrophosphate buffers. 
The NH, values given in Table 1 are those obtained 
with the mercuric oxide method. Similar results 
were obtained by the Conway method. In all cases 
where the O, uptake was 0-5 mol./mol. substrate 
the NH, formed was about 1 mol./mol. substrate. 
This is in accordance with equation 1. Where 
oxidation was continued until O, uptake reached 
1 mol./mol. substrate marked increases in the NH, 
produced were found only with 1:10-diamino- 
decane as substrate. Under these conditions oxi- 
dative deamination of both amino groups of this 
substrate took place with the formation of about 
2mol. NH;/mol. substrate. With 1:5-diamino- 
pentane and with t- and p-lysine the further 
oxidation was of a different nature, since it was not 
accompanied by any appreciable increase in NH; 
formation. The fact that with L- and p-lysine as 
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Table 1. Oxygen uptake and total steam-volatile bases and ammonia formed during the oxidation 
of @ series of diamines and of L- and D-lysine by plant amine oxidase 
Reaction mixtures consisted of amine oxidase, catalase and substrate (30 moles) in 0-067m phosphate or pyrophos- 


phate buffers. The results were corrected for those obtained with control reaction mixtures without substrate. The total 
volume of each reaction mixture was 3 ml. The substrates were added from the side arms. Gas phase, air; temp., 28°. 


Total steam- 


Amine Time of Total O, volatile bases 

oxidase incubation uptake (umoles, cale. Ammonia 

Substrate (ml.) Buffer (min.) (umoles) as NH,) (umoles) 
1:4-Diaminobutane 0-02 Phosphate, pH 7 120 14-1 39-4 27-4 
1:5-Diaminopentane 0-03 Phosphate, pH 7 40 14-6 54:8 27-8 
0-20 Phosphate, pH 7 355 25:4 39-0 29-6 
1:10-Diaminodecane 0-03 Phosphate, pH 7 175 14-9 35-6 29-2 
0-20 Phosphate, pH 7 365 27-1 56-4 49-7 
L-Lysine 0-10 Pyrophosphate, pH 8-5 210 17-4 26-0 22-3 
0:30 Phosphate, pH 8-5 355 27-7 28-6 25-5 
p-Lysine 0-10 Pyrophosphate, pH 8-5 240 14-9 23-0 23-6 
0-30 Phosphate, pH 8-5 405 27-2 27-0 25°3 


Table 2. Estimation of carbonyl compounds by the bisulphite method 


Reaction mixtures were those of Table 1. When the total O, uptake had reached the value shown, 1 ml. samples of the 
reaction mixtures were used for the estimation of carbonyl compounds by the bisulphite method. Samples (1 ml.) of the 
reaction mixtures were also titrated directly against iodine in absence of bisulphite but otherwise under the conditions of 
the method. The titrations were continued over a 10 min. period. The values given are corrected for those obtained with 


control reaction mixtures without substrates. 
Titration values (ml. 0-01N iodine) 











c age a ae [een ae 
Total O, 2 min. 4 min. 10 min. 
uptake rc A c A 4 ——, 
Substrate (umoles) Direct Bisulphite Direct Bisulphite Direct Bisulphite 

1:4-Diaminobutane 14-1 0-12 1-70 0-19 1-77 0-31 1-87 
1:5-Diaminopentane 14-6 1-56 1-94 2°25 2-78 2-57 3-92 
25-4 0-44 0-78 0-60 0-94 0-74 1-22 
1:10-Diaminodecane 14-9 0-0 2-15 0-0 2-15 0-03 2-19 
27-1 0-0 3-76 0-0 3-76 0-03 3-79 
L-Lysine 17-4 0-55 0-73 0-60 0-77 0-74 0-89 
27-7 0-06 0-16 0-10 0-16 0-20 0-20 
p-Lysine 14-9 0-72 0-79 0-75 0-88 0-84 0-98 
27-2 0-05 0-20 0-09 0-23 0-13 0-25 


substrates, the amount of NH, formed is nearly as 
great in reaction mixtures buffered with pyro- 
phosphate as in those buffered with phosphate, 
despite the disparity in O, uptake, is evidence that 
pyrophosphate eliminates the secondary oxidation. 
When the mercuric oxide procedure used in the 
NH, estimations was omitted and the distillates 
from the reaction mixtures were titrated directly 
against acid it was found that steam-volatile bases 
other than NH, were frequently present. The 
amount of such bases was dependent on the sub- 
strate and the stage of the oxidation. With L- and 
D-lysine as substrates no volatile bases other than 
NH, were found. The differences between the direct 
titrations and those after the mercuric oxide treat- 
ment were no greater than could be attributed to 
losses during this analytical procedure. The result 
is to be expected if the carboxyl group of the sub- 


strate remains intact in the reaction product. 
With 1:5-diaminopentane as substrate, at the lower 
level of O, uptake, the value found for steam- 
volatile bases (calculated as NH,) was about twice 
that for NH;. A substantial difference was also 
found with 1:4-diaminobutane as substrate while 
with 1:10-diaminodecane the difference was smaller. 
The further oxidation was accompanied by a partial 
or complete disappearance of the steam-volatile 
bases other than NH,. 

Carbonyl compounds. In attempts to estimate 
carbonyl compounds in the reaction mixtures by the 
bisulphite method of Clift & Cook (1932) it was 
found, in confirmation of the results of Tabor 
(1951) with animal diamine oxidase, that the 
reaction products, in some cases, reacted directly 
with iodine. In control experiments therefore, 
samples of the reaction mixtures were titrated 
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directly against iodine under the conditions of the 
bisulphite method but without adding bisulphite 
and, in view of the nature of the results obtained, 
the titrations were continued over a 10 min. period. 
Considered as an attempt to estimate carbonyl 
compounds the experiments were successful only 
with 1:10-diaminodecane as substrate. The oxida- 
tion products of this diamine did not react directly 
with iodine. At the level of O, uptake of 0-5 mol./ 
mol. substrate the titration value obtained was in 
agreement with the formation of the amine alde- 
hyde according to equation 1. The titration re- 
quired by theory for the sample taken would be 
2 ml. of 0-01N iodine. The titration reached about 
double this value with reaction mixtures where the 
O, uptake approached 1 mol./mol. substrate, and 
since it was also accompanied by the formation of 
2 mol. NH, (Table 1) the increased titration was 
presumably due to the further oxidation of the 
amine aldehyde to the dialdehyde. Since the oxida- 
tion of aliphatic monoamines is catalysed by plant 
amine oxidase (Kenten & Mann, 1952; Mann, 
1955), though slowly in comparison with that of the 
diamines, it is probable that the slow secondary 
oxidation with 1:10-diaminodecane as substrate is 
catalysed by the amine oxidase itself. The oxidation 
products of all the other substrates reacted directly 
with iodine. This direct reaction was slow where 
1:4-diaminobutane was substrate and the rapid 
reaction in the presence of bisulphite gave a titra- 
tion value approaching that required for the amine 
aldehyde in agreement with the results of Kenten & 
Mann (1952). The direct reaction was particularly 
rapid with 1:5-diaminopentane as substrate, as 
found by Tabor (1951) with animal diamine oxidase 
as catalyst. With this substrate at the lower level of 
O, uptake the bisulphite titration was higher than 
that required for the formation of the aldehyde, 
while with the L- and p-lysine reaction mixtures it 
was lower. In all cases where the reaction was 
studied at both levels of O, uptake, except with 
1:10-diaminodecane as substrate, the iodine titra- 
tion was greater at the lower level of O, uptake, 
both in presence and absence of bisulphite. The 
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results suggest that only with 1:10-diaminodecane, 
of the diamine substrates used, does the primary 
reaction product accumulate as the amine alde- 
hyde and that with L- and p-lysine as substrates 
the corresponding aldehydes do not accumulate. 
Tabor (1951) has attributed the direct reaction 
with iodine of the products of the oxidation of 1:4- 
diaminobutane and 1:5-diaminopentane, catalysed 
by animal diamine oxidase, to the presence of A}- 
pyrroline and 2:3:4:5-tetrahydropyridine formed by 
the spontaneous cyclization of the amine aldehydes 
which are the probable products of the enzyme- 
catalysed reaction. 2:3:4:5-Tetrahydropyridine (I) 
itself is unknown but a number of its polymers have 
been described. Experiments were made to test the 
direct reaction of two of these polymers («-tri- 
piperideine (II), and isotripiperideine (III)) with 
iodine and their capacity to fix bisulphite. The 
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results (Table 3) resemble both qualitatively and 
quantitatively those obtained with the oxidation 
products of 1:5-diaminopentane at the level of O, 
uptake of 0-5 mol./mol. substrate. 

Reaction mixtures similar to those of Tables 1 
and 2 were tested for the presence of carbonyl 
compounds with a saturated solution of 2:4- 
dinitrophenylhydrazine in 2N-HCl. At a level of 
O, uptake of 0-5 mol./mol. substrate a positive 
reaction, consisting of a yellow precipitate, was 





Table 3. The fixation of bisulphite by «-tripiperideine and isotripiperideine 
and the direct reaction of these compounds with iodine 


Bisulphite fixation was tested with 1 ml. samples of 0-0033M «-tripiperideine and isotripiperideine under the conditions 
of the bisulphite method for estimation of carbonyl compounds. Samples (1 ml.) were also titrated directly against 
0-01N iodine under the conditions of this method but in absence of bisulphite. The titrations were continued over a period 


of 10 min. 


Titration values (ml. 0-01N iodine) 











t | 
2 min. 4 min. 10 min. 
c = ~ c = \ Co A ~\ 
Substrate Direct Bisulphite Direct Bisulphite Direct Bisulphite 
«-Tripiperideine 1-42 2-88 1-76 3-34 2-10 3-60 
Isotripiperideine 1-46 2-84 1-64 3-20 2-03 3°46 














te aie ee ide (le ee, Cee ae 


qa & BS 4 pe Se elle ee 











Vol. 61 
obtained only with the oxidation product of 1:10- 


diaminodecane. The other reaction mixtures 
showed no significant precipitate or colour change 
either on adding the reagent or on subsequent 
addition of alkali. Steam distillates of the reaction 
mixtures, at the lower level of O, uptake, gave a 
clear positive test only where 1:10-diaminodecane 
was the substrate. The results suggest that the 
difference between the value for steam-volatile 
bases and that for ammonia (Table 1) with 1:10- 
diaminodecane as substrate, but not with the other 
diamine substrates, was due to the distillation of 
part of the amine aldehyde formed as the oxidation 
product. 


The reaction with o-aminobenzaldehyde 


According to Schépf & Oechler (1936) and 
Schépf et al. (1948), compounds of A!-pyrroline and 
2:3:4:5-tetrahydropyridine give yellow and orange 
colours respectively with o-aminobenzaldehyde at 
room temperature owing to the formation of 
dihydroquinazolinium compounds. This reagent 
was used in the present work to test for the presence 
of At-pyrroline and 2:3:4:5-tetrahydropyridine 
compounds in reaction mixtures similar to those of 
Table 1. The reaction mixtures were adjusted to 
pH 4-5 with n-HCl and an equal volume of a 2% 
(w/v) solution of o-aminobenzaldehyde in 0-1m 
citrate buffer, pH 4-7, was added. At a level of O, 
uptake of 0-5 mol./mol. substrate the reaction 
mixtures with 1:4-diaminobutane as substrate gave 
a strong yellow colour with the reagent, while those 
with 1:5-diaminopentane and L- or D-lysine gave 
a strong orange colour. The colours increased in 
intensity on standing at room temperature. Tabor 
(1951) reported similar colour reactions with the 
products of the oxidation of 1:4-diaminobutane and 
1:5-diaminopentane, catalysed by animal diamine 
oxidase. No colour reaction with o-aminobenzalde- 
hyde was given by the oxidation products of 1:10- 
diaminodecane. Yellow or orange colour reactions 
were also given by the reaction mixtures other than 
those of 1:10-diaminodecane at a level of O, uptake 
of 1 mol./mol. substrate but the colours were much 
less intense. The results suggest that the oxidation 
products of 1:4-diaminobutane accumulate in the 
reaction mixtures as A!-pyrroline compounds and 
those of 1:5-diaminopentane and of L- and pD-lysine 
as 2:3:4:5-tetrahydropyridine compounds. The 
differences found between the values for steam- 
volatile bases and ammonia (Table 1) with 1:4- 
diaminobutane and 1:5-diaminopentane as sub- 
strates was apparently due to the steam volatility 
of the ring compounds. The steam distillates of 
these reaction mixtures at a level of O, uptake of 
0-5 mol./mol. substrate gave the colour reaction 
with o-aminobenzaldehyde but, unlike those of 


ENZYMIC FORMATION OF HETEROCYCLIC COMPOUNDS 93 


1:10-diaminodecane, gave little or no reaction with 
2:4-dinitrophenylhydrazine. 

Vogel & Davis (1952) and Fincham (1953) have 
used o-aminobenzaldehyde to trap A}-pyrroline-5- 
carboxylic acid formed in biological systems. It 
may be used for a similar purpose in reactions 
catalysed by plant amine oxidase. When the 
oxidations were carried out in presence of o-amino- 
benzaldehyde the characteristic colours developed 
in the reaction mixtures and the further oxidation 
past the stage of 0-5 mol. O,/mol. substrate, caused 
by using large amounts of the enzyme preparation, 
was very slow. The effect of o-aminobenzaldehyde 
on the course of the oxidation of L-lysine in reaction 
mixtures buffered with phosphate is illustrated in 
Fig. 1. Similar effects were observed on the course 
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Fig. 1. Effect of o-aminobenzaldehyde on the course of the 
oxidation of L-lysine in phosphate buffer. Reaction 
mixtures consisted of 0-02 ml. amine oxidase, catalase 
and substrate (0-2 ml. of 0-1m L-lysine) in 0-067M 
phosphate buffer, pH 8-5, with and without o-amino- 
benzaldehyde. An O, uptake of 0-5 mole equivalents 
=224yul. o—o, No o-aminobenzaldehyde; x—~x, 
0-013 m o-aminobenzaldehyde. The total volume of each 
reaction mixture was 3 ml. The substrate was added 
from the side arm. Gas phase, air; temp., 28°. 


of the oxidation of all the other substrates including 
1:10-diaminodecane. Only a slight yellow colour 
was produced during the oxidation of the latter 
compound in presence of o-aminobenzaldehyde, 
and the inhibition of the secondary oxidation was in 
this case presumably due to the combination with 
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the o-aminobenzaldehyde, of the amine aldehyde 
formed as the primary oxidation product to give 
a Schiff’s base. 


The effect of peroxidase and Mn?* 


Mann (1955) showed that, as a result of the amine 
oxidase-catalysed oxidation of L- and D-lysine, 
compounds accumulated in the reaction mixtures 
which were readily oxidized by peroxidase. 
Further investigation, in the present work, showed 
that all the oxidations studied, except that of 1:10- 
diaminodecane, yielded compounds whose oxida- 
tion was catalysed by peroxidase. Such oxidations 
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Fig. 2. Oxidation of the products of amine oxidase- 
catalysed reactions by peroxidase+Mn?+. Reaction 
mixtures consisted of 0-02-0-03 ml. amine oxidase, 
catalase and substrate (0-3 ml. of 0-1M) in 0-067m 
phosphate buffer, pH 7. When the O, uptakes reached 
0-5 mol./mol. substrate (336 yl.), at the times shown by 
the arrows, a mixture of peroxidase and MnSO, (0-1 mg. 
peroxidase and 0-3 ml. of 0-001 MnSO,) was added to 
each reaction mixture from the side arms. A—A, 1:4- 
Diaminobutane; O—O, 1:5-diaminopentane; [—(, 
1:10-diaminodecane. Conditions similar to those in 
Fig. 1. 


were very rapid with the oxidation products of 1:5- 
diaminopentane and of L- and p-lysine but slow 
with that of 1:4-diaminobutane and were only 
partially prevented by heat treatment (30 min. at 
100°) of the peroxidase. Traces of Mn?+ also 
catalysed the secondary oxidations and, with the 
oxidation product of 1:4-diaminobutane, the effect 
of peroxidase and Mn?+ together was greater than 
the sum of their separate effects. Results obtained 


P. J. G. MANN AND W. R. SMITHIES 


1955 


using peroxidase and Mn?+ together to catalyse the 
secondary oxidations are shown in Fig. 2. In these 
experiments the amine oxidase-catalysed reactions 
were continued until the O, uptake reached 
0-5 mol./mol. substrate. Peroxidase and man- 
ganese sulphate were then added from the side arm 
and caused an immediate resumption of the O, 
uptake except with the oxidation product of 1:10- 
diaminodecane. Since catalase was present in the 
reaction mixtures this peroxidase effect is not 
dependent on the hydrogen peroxide formed in the 
primary reactions. The oxidation of both «-tri- 
piperideine and isotripiperideine is catalysed by 
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Fig. 3. Catalysis of the oxidation of isotripiperideine by 
peroxidase and Mn*+. Reaction mixtures consisted of 
0-3 ml. of 0-033m isotripiperideine and catalase in 
0-067m phosphate buffer, pH 7, with and without 
peroxidase (0-1 mg.) and Mn*+ (0-3ml. of 0-001m- 
MnSO,). O—O, Peroxidase and Mn?+; x— x, heat- 
treated peroxidase (30 min. at 100°) and Mn*+; A—A, 
Mn*+; (J—(, peroxidase; @—@, heat-treated peroxi- 
dase; ™—, isotripiperideine alone. Conditions similar 
to those in Fig. 1. 


peroxidase and by Mn?+. Results with isotri- 
piperideine are shown in Fig. 3. In these experi- 
ments the amounts of peroxidase and Mn?+ used 
were the same as for those of Fig. 2. The results 
of further experiments suggest that, with these 
compounds, the effect produced by lower concen- 
trations of peroxidase and Mn*+ together may be 
greater than the sum of their separate effects. The 
results suggest that the observed effect of per- 
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oxidase and Mn?+ on the products of the amine 
oxidase-catalysed reactions studied is dependent 
on the cyclization of these products. 


Catalytic hydrogenation of the oxidation products 


The results so far obtained suggested that the 
oxidation products of 1:4-diaminobutane, 1:5- 
diaminopentane and of L- and D-lysine accumulated 
in the reaction mixtures as unsaturated ring com- 
pounds. It would be expected that in an atmo- 
sphere of H, and in presence of platinum black as 
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Fig. 4. Catalytic hydrogenation of the products of amine 
oxidase-catalysed reactions. Reaction mixtures con- 
sisted of 0-01-0-04 ml. amine oxidase and catalase with 
0-2 ml. of 0-1m substrate, in 0-067m phosphate buffer, 
pH 7, with 1:4-diaminobutane and 1:10-diaminodecane 
as substrates, and in 0-067mM pyrophosphate, pH 8-5, 
with L-lysine as substrate. Conditions similar to those in 
Fig. 1. When the O, uptake reached 0-5 mol./mol. 
substrate (224 yl.) sufficient 2N-HCl was added from the 
side arms to give pH 4-5. The vessels were filled with H, 
and, after equilibration, platinum black suspension 
(0-2 ml.) was added from the side arms as shown by the 
arrows. The time taken to replace the air in the vessels 
with H, and to re-equilibrate the reaction mixtures is 
not shown. O—O, 1:4-Diaminobutane; x—x, 1:10- 
diaminodecane; []—D, t-lysine. 


catalyst, these compounds would take up H, and 
form the corresponding saturated ring compounds. 
This was tested in experiments in the Warburg 
apparatus. The amine oxidase-catalysed oxidations 
of the above substrates and that of 1:10-diamino- 
decane were allowed to proceed in vessels with two 
side arms until the O, uptake reached 0-5 mol./mol. 
substrate. Sufficient N-HCl was then added from 


the side arms of the vessels to bring the reaction 
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mixtures to pH 4-5. Freshly prepared platinum 
black suspension (0-2 ml.) was put in the second 
side arm of each vessel. The vessels were then filled 
with H, and, after equilibration, the platinum 
black was added to the reaction mixtures from the 
side arms. The oxidation products of 1:4-diamino- 
butane, 1:5-diaminopentane and of L- and p-lysine 
showed a rapid uptake of H, which approached 
1 mol./mol. substrate. The H, uptake with the 
oxidation products of 1:10-diaminodecane was 
comparatively slow and, with this substrate, it was 
generally necessary to make further additions of 
platinum black to produce an uptake of H, 
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Fig. 5. Catalytic hydrogenation of «-tripiperideine and 
isotripiperideine. Reaction mixtures consisted of 0-2 ml. 
of 0-033M «-tripiperideine or isotripiperideine in 0-067 m 
phosphate, pH 5. The vessels were filled with H, and 
after equilibration, platinum black suspension (0-2 ml.) 
was added from the side arms. The curves show 
the subsequent H, uptake. O—O, «-Tripiperideine; 

(CJ—O, isotripiperideine. Conditions similar to those in 

Fig. 1. 





approaching 1 mol./mol. substrate. Some of the 
results obtained are shown in Fig. 4. The curves 
shown are corrected for the small H, uptakes by 
control reaction mixtures with substrate. Under 
similar conditions both «-tripiperideine and isotri- 
piperideine were rapidly hydrogenated, giving, 
respectively, H, uptakes of 70 and 55 % of those to 
be expected if these compounds reacted as 2:3:4:5- 
tetrahydropyridine (Fig. 5). Schépf et al. (1948) 
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reported H, uptakes of 97 and 66-6-69:-6% 
respectively, calculated on the same basis, when 
a-tripiperideine and isotripiperideine were cat- 
alytically hydrogenated in acid solution. 





Paper chromatography of reaction products 
before and after hydrogenation 


The oxidation products of the amine oxidase- 
catalysed reactions with 1:4-diaminobutane, 1:5- 
diaminopentane and t-lysine as substrates were 
investigated by paper chromatography, using n- 
butanol-acetic acid—water solvent mixtures and 
o-aminobenzaldehyde as detecting agent. Each 
reaction mixture gave two or more spots which 
were yellow with 1:4-diaminobutane as substrate 
and orange with 1:5-diaminopentane or L-lysine as 
substrate. These spots were not given by control 
reaction mixtures without substrate. «-Tripiperi- 
deine and isotripiperideine were used as reference 
compounds for the oxidation products of 1:5- 
diaminopentane. With the 6:1:3 solvent mixture 
these compounds both gave two orange spots with 
o-aminobenzaldehyde (R, 0-45 and 0-66) which 
were identical in colour and position with the two 
leading spots given by the oxidation products of 
1:5-diaminopentane. Examination of the hydro- 
genated reaction mixtures in the same way showed 
that the substances giving rise to the characteristic 
yellow and orange spots had partially or completely 
disappeared as a result of hydrogenation. Nin- 
hydrin was also used as a detecting agent and 
pyrrolidine, piperidine, and pi-pipecolinic acid as 
reference compounds. With ninhydrin the paper 
chromatogram of the hydrogenated 1:4-diamino- 
butane reaction mixture showed a yellow spot 
identical with that of pyrrolidine (R, 0-63 with the 
3:1:1 solvent mixture). The chromatogram of the 
hydrogenated 1:5-diaminopentane reaction mixture 
showed a purple spot identical with that given by 
piperidine (R, 0-56 with the 6: 1:3 solvent mixture) 
and that of the hydrogenated t-lysine reaction 
mixture a blue spot identical with that given by 
DL-pipecolinic acid (R, 0-42 with the 4:1;5 solvent 
mixture). These spots were not given by the reac- 
tion mixtures before hydrogenation or by control 
reaction mixtures without substrate. While the 
paper chromatograms showed other spots besides 
those suggesting the presence of pyrrolidine, 
piperidine and L-pipecolinic acid, the results support 
the view that the products of the amine oxidase- 
catalysed oxidation of 1:4-diaminobutane, 1:5- 
diaminopentane and of L-lysine accumulate in the 
reaction mixtures as compounds of A}-pyrroline 
and 2:3:4:5-tetrahydropyridine. Attempts were 


made to establish this by isolation of derivatives of 
these compounds or of their hydrogenation pro- 
ducts. 
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ISOLATION OF REACTION PRODUCTS 


1:5-Diaminopentane reaction miature 


Isotripiperideine. Reaction mixtures, in Warburg 
vessels, consisted of 1 ml. of 0-1m 1:5-diaminopentane 
dihydrochloride, 0-1 ml. amine oxidase and 50 yg. catalase 
in 0-067 phosphate buffer, pH 7. 

A total of 24 such reaction mixtures were used (0-42 g, 
1:5-diaminopentane dihydrochloride). Oxidation was 
continued until the O, uptake of each reaction mixture 
reached 1120 yl. (0-5 mol. O,/mol. substrate). The contents 
of the vessels together with the washings were made 
alkaline and extracted with chloroform. The extract was 
dried with anhydrous Na,SO, and concentrated by distilla- 
tion under reduced pressure. The syrupy residue was dried 
over H,SO, in a vacuum desiccator for several days. It 
gave a yellowish waxy solid containing some crystals. The 
weight was 0-21 g. (105% yield calculated as 2:3:4:5-tetra- 
hydropyridine). It was dissolved in the minimum amount 
of hot acetone and was induced to crystallize by cooling in 
a freezing mixture of ice and salt. The colourless crystals 
(55 mg.) had m.p. 94-96° unchanged by admixture with an 
authentic sample of isotripiperideine (m.p. 95-96°) pre- 
pared according to Schépf et al. (1948). By evaporating the 
mother liquor to dryness and repeating the crystallization 
from acetone a further 20 mg. of crystals were obtained of 
m.p. 91-94°. 

In another experiment the dipicrate of 3-(3-amino- 
propyl)quinoline was prepared from the oxidation products 
of 1:5-diaminopentane under conditions similar to those 
described by Schépf et al. (1948) for its preparation from 
«-tripiperideine or isotripiperideine. A total of 10 ml. of 
0-1m 1:5-diaminopentane dihydrochloride was oxidized in 
reaction mixtures as in the previous experiment. The 
reaction mixtures were combined, brought to pH 5 with 
n-HCl and heated in a boiling-water bath for 10 min. The 
suspension was cooled and centrifuged. The supernatant 
was heated to 100° on a boiling-water bath and added to 
a solution of 0-15 g. of o-aminobenzaldehyde in 50 ml. of 
0-1 citrate buffer, pH 4-7, also at 100°. The mixture was 
kept at 100° for 6 hr. and then filtered. The filtrate was 
again heated on the water bath while 1 g. picric acid was 
gradually added with stirring. The solution was left at 
room temp. overnight and the precipitate which had 
formed was filtered off and dried. The compound (0-36 g.) 
had m.p. 206—208° and represented a 56 % yield (calculated 
as 3-(3-aminopropyl)quinoline dipicrate). After recrystal- 
lization from ethanol it had m.p. 208-210°. A sample of the 
dipicrate of 3-(3-aminopropyl)quinoline prepared from 
a-tripiperideine according to Schépf et al. (1948) had m.p. 
209-210°. Schépf et al. (1948) reported m.p. 216-217°. The 
mixed m.p. was 208-210°. 


The products of hydrogenation of «-tripiperideine 
and isotripiperideine 


Before investigating the hydrogenated reaction mixtures 
of 1:5-diaminopentane the hydrogenation products of a- 
tripiperideine and isotripiperideine were studied. As found 
by Schépf et al. (1948), «-tripiperideine, in dilute acid 
solution, took up the theoretical amount of H, expected for 
2:3:4:5-tetrahydropyridine and yielded piperidine. Only 
one spot (purple) was detected on the paper chromatogram 
with the 6:1:3 solvent mixture and ninhydrin. This was 
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identical in colour and position with that given by piperidine 
(Rp 0-56). The benzenesulphonyl derivative prepared from 
the hydrogenated product had m.p. 88°. The mixed m.p. 
with the benzenesulphony! derivative (m.p. 90°) prepared 
from piperidine was 88°. 

According to Schépf e¢ al. (1948), isotripiperideine on 
hydrogenation yields piperidine, 2:3’-dipiperidine and epi- 
2:3’-dipiperidine. In the present work it was found that on 
hydrogenation in dil. acetic acid or HCl (pH 3-4) 70% of 
the theoretical amount of H, calculated for 2:3:4:5-tetra- 
hydropyridine was taken up. The paper chromatogram 
with the 6:1:3 solvent mixture and ninhydrin showed two 
spots, one of which was purple and identical with that of 
piperidine and the second (R» 0-34) had a purple leading 
edge and the remainder grey. In one experiment the 
product, after filtering and evaporating todryness in vacuo, 
was transformed into the benzenesulphonyl derivative. 
From the crude mixture obtained the piperidine derivative 
was extracted with hot light petroleum (b.p. 40-60°). It 
had m.p. 88-89°, unchanged on admixture with an authentic 
specimen. In another experiment 0-1 g. isotripiperideine 
was hydrogenated. The product, after filtering and evapor- 
ating to dryness in vacuo, was fractionated on a cellulose 
column (2-2 x40cm.) with the 6:1:3 solvent mixture. 
The fractions were examined by paper chromatography and 
benzenesulphonyl derivatives prepared. The crude benzene- 
sulphony] derivative (7 mg.) from the piperidine fractions 
had m.p. 78-82° and on recrystallization from a mixture of 
light petroleum (b.p. 40-60°) and methanol had m.p. 88°. 
From the fractions giving the second spot (Ry 0-34) 0-22 g. 
benzenesulphonyl derivative was obtained of m.p. 60-65°. 
This consisted of two or more compounds. On fractional 
recrystallization from ethanol two crystalline fractions were 
obtained: a, m.p. 150-155°; 6, m.p. 138-140°. Similar 
fractions were got from the residue left after the light 
petroleum extraction in the previous experiment and were 
combined with these. The part of fraction a relatively in- 
soluble in methanol was filtered off. It had m.p. 158-160°. 
The mother liquor yielded rhombic crystals m.p. 161-162°. 


Hydrogenated 1:5-diaminopentane 
reaction mixture 

Piperidine. A total of 12 ml. of 0-1 1:5-diaminopentane 
dihydrochloride was oxidized in Warburg vessels as pre- 
viously described. The combined reaction mixtures were 
brought to pH 3-4 and hydrogenated. About 80% of the 
amount of H, required for the reduction of a quantitative 
yield of 2:3:4:5-tetrahydropyridine was taken up. The 
filtrate was evaporated to dryness in vacuo and the benzene- 
sulphony] derivative prepared. The crude semi-solid product 
was repeatedly extracted with hot light petroleum (b.p. 
40-60°). From the extracts were isolated crystals (40 mg.) 
of m.p. 82-83° which on recrystallization from a mixture of 
light petroleum and methanol gave a product of m.p. 89°. 
The mixed m.p. with the benzenesulphonyl derivative 
prepared from piperidine (m.p. 90°) was 89°. 

In another experiment the gum (0-09 g.), prepared as 
previously described, by extracting the oxidation mixture 
with chloroform, was hydrogenated and took up 72% of 
the amount of H, required for hydrogenation of the theo- 
retical yield of 2:3:4:5-tetrahydropyridine. The paper 
chromatogram, with the 6:1:3 solvent mixture and 
ninhydrin, gave three spots. The two faster-moving spots 
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were identical in colour and position with those obtained in 
the hydrogenation of isotripiperideine. The mixture was 
fractionated on a cellulose column in the same way as 
was the isotripiperideine mixture and benzenesulphonyl 
derivatives were prepared from the fractions. The yield of 
the crude piperidine derivative was 25 mg. The products 
giving the second spot were separated into faster and 
slower moving fractions. The faster moving fraction gave 
44mg. of a yellow powder from which no crystalline 
product could be obtained. The slower-moving fraction 
gave 60 mg. of derivative which on recrystallization from 
methanol gave two crystalline products. One, m.p. 158- 
160°, was relatively insoluble in methanol. The mixed m.p. 
with the fraction of the same m.p. from the hydrogenated 
isotripiperideine was 142-146°. The other, m.p. 148-150°, 
was readily soluble in methanol. After recrystallization it 
had m.p. 161-162°. The mixed m.p. with the rhombic 
crystals (m.p. 161-162°) from hydrogenated isotripiperi- 
deine was 160-161°. 

The results suggest that the oxidation products of 1:5- 
diaminopentane accumulated in the reaction mixture as 
a mixture of polymers of 2:3:4:5-tetrahydropyridine. On 
hydrogenation other compounds besides piperidine were 
formed one of which was identified with a compound 
formed on hydrogenation of isotripiperideine. In view of 
the work of Schépf e¢ al. (1948) this compound is probably 
2:3’-dipiperidine. The relative yield of piperidine on hydro- 
genation is higher than that given by isotripiperideine. This 
suggests that, in addition to isotripiperideine, «-tripiperi- 
deine, which gives only piperidine on hydrogenation, may 
be present in the reaction mixtures. 


Hydrogenated 1:4-diaminobutane reaction mixture 


Pyrrolidine. A total of 24 ml. of 0-1m 1:4-diaminobutane 
dihydrochloride was oxidized in 1 ml. portions in reaction 
mixtures as described for the oxidation of 1:5-diamino- 
pentane. The product on hydrogenation at pH 4-5 took up 
60 % of the volume of H, expected if A-pyrroline had been 
formed quantitatively as a result of the oxidation. The 
~esulting solution was filtered, evaporated to dryness in 
vacuo and the residue was extracted several times, at room 
temp., with 90% (w/v) aqueous ethanol. The extract was 
evaporated to dryness in vacuo and examined by paper 
chromatography, using the 3:1:1 solvent mixture and 
ninhydrin. At least five spots appeared on development. 
The leading yellow spot (R» 0-63) corresponded with that 
given by pyrrolidine. The second (yellow-purple) had 
Ry 0-46 and the other three spots, one yellow and two 
purple, had R,<0-3. The mixture was fractionated on a 
cellulose column (3-0 x60 cm.) with the above solvent 
mixture. The fractions containing the substance giving the 
leading spot gave a crude toluene-p-sulphonyl derivative 
(30 mg.) of m.p. 114-118°. Recrystallized from a mixture 
of light petroleum (b.p. 40-60°) and methanol it had m.p. 
117°. The mixed m.p. with the toluene-p-sulphonyl 
derivative prepared from pyrrolidine (m.p. 119°) was 118°. 
The fractions containing the compound giving the second 
spot yielded 67 mg. of toluene-p-sulphonyl derivative of 


m.p. 141-145°. Recrystallized from ethanol it had 
m.p. 163°. (Found: N, 6-53; mol.wt., 392. Cale. for 
CrgH,,0,N.S,: N, 6-25%; mol.wt., 448.) C..H,,0,N.S, 


represents a dimer of pyrrolidine as the di(toluene-p- 
sulphony]) derivative. The products yielding the other three 
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spots were not well separated on the column. The combined 
fractions yielded a crude toluene-p-sulphonyl derivative 
(50 mg.) which softened at 190-200°. No crystalline 
products were obtained. It seems likely that these fractions 
included higher polymers of pyrrolidine. 





Hydrogenated pu-lysine reaction mixture 


DL-Pipecolinic acid. Reaction mixtures in 250ml. 
Erlenmeyer fiasks, each consisted of 20 ml. 0-1m px-lysine 
hydrochloride, 1-5 ml. amine oxidase, 2 mg. catalase and 
20 ml. 0-2 pyrophosphate buffer, pH 8-5, in a total volume 
of 60 ml. A 3 ml. sample-of one of the reaction mixtures 
was placed in a Warburg vessel. The Warburg vessel and 
Erlenmeyer flasks were shaken in the bath at 28° till the 
O, uptake as measured by the Warburg manometer 
reached 0-5 mol./mol. pi-lysine. The reaction mixtures 
were then brought to pH 4-5 with cone. HCl and placed in 
a boiling-water bath for 10 min. The suspensions were 
stored in the refrigerator overnight, centrifuged, and the 
supernatants hydrogenated. In 4 days a total of 120 ml. 
0-im pu-lysine was oxidized and the oxidation products 
hydrogenated. The platinum black was removed by 
centrifuging and the combined supernatants were con- 
centrated by distillation under reduced pressure and finally 
taken to dryness in vacuo over H,SO,. The residue was 
extracted repeatedly with 90 % (v/v) aqueous ethanol. The 
combined extracts were concentrated by distillation under 
reduced pressure and then evaporated to dryness in vacuo 
over H,SO,. The residue was taken up in about 40 ml. of 
water. The solution obtained was run on to a column of 
Zeo-Karb 215 (1-2 x 48 cm.) which was then washed with 
250 ml. of water. The column was then treated with 
0-15N-NH, and the effluent was collected in 5 ml. fractions 
which were examined by paper chromatography, using the 
4:1:5 solvent mixture and ninhydrin. Those fractions 
giving a spot corresponding to that given by DL-pipecolinic 
acid were evaporated to dryness in vacuo and the com- 
bined residues were extracted several times with the 
4:1:5 solvent mixture. The combined extracts (about 
50 ml.) were passed through a cellulose column (2-5 x 52cm.), 
using the same solvent mixture. The effluent was collected 
in 5 ml. fractions which were examined by paper chromato- 
graphy. Those fractions showing only one spot corre- 
sponding to that given by pL-pipecolinic acid were taken 
to dryness in vacuo. The combined residues were dissolved 
in about 20 ml. of 0-1N-HCl and the solution was evapor- 
ated to dryness in vacuo over KOH. A slightly yellow 
crystalline product, m.p. 246-251° (127 mg.) was obtained. 
The yield calculated as px-pipecolinie acid hydrochloride 
was 6%. Attempts to purify the compound further by 
recrystallization were unsuccessful. An authentic sample 
of pu-pipecolinic acid hydrochloride prepared according to 
Stevens & Ellman (1950) had m.p. 259-260°. These workers 
report m.p. 258-261° and Meister (1954) reports m.p. 
264°. The mixed m.p. was 250-254°. The 2:4-dinitrophenyl 
derivative prepared according to the general method of 
Sanger (1945) and recrystallized from a mixture of ether 
and light petroleum (b.p. 60-80°) according to the pro- 
cedure of Rao & Sober (1954) had m.p. 136-137°, unchanged 
on admixture with an authentic specimen (m.p. 136-137°) 
prepared from synthetic pt-pipecolinic acid hydrochloride. 
Rao & Sober (1954) report m.p. 138-139°. 

The results suggest that pL-pipecolinic acid was one of 
the main products present in the hydrogenated reaction 
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mixture. The low yield obtained was in part due to in- 
complete fractionation on the cellulose column as a result 
of which many of the fractions containing DL-pipecolinic 
acid were discarded. No attempt was made to isolate any 
of the other compounds present. On paper chromatograms 
two of these compounds, like the isolated compound, gave 
a blue colour with isatin and the blue spots with ninhydrin 
showed a magenta fluorescence, both of which reactions are 
given by pipecolinic acid (Hulme & Arthington, 1952). 


DISCUSSION 


The results of the present work confirm and extend 
those of Tabor (1951) with animal diamine oxidase 
and suggest that the products of the oxidation 
of 1:4-diaminobutane, 1:5-diaminopentane and of 
lysine accumulate in the reaction mixtures as com- 
pounds of A}-pyrroline and of 2:3:4:5-tetrahydro- 
pyridine. It may be, as suggested by Tabor (1951), 
that the ring-compound formation is due to the 
spontaneous cyclization of the aldehyde group and 
the second amine group with elimination of water. 
An alternative possibility seems to fit the facts 
equally well. It is generally considered that the reac- 
tion catalysed by amine oxidases is a dehydrogena- 
tion with the formation of an aldimine which under- 
goes a spontaneous reaction with water to form the 
aldehyde and ammonia. With 1:4-diaminobutane 
as substrate the enzyme-catalysed reaction may be 
formulated 


H,N .[CH,],.CH,.NH, -> H,N.[CH,],.CH:NH. 


It is known that the catalytic reduction of a nitrile 
leads to the formation of a primary and a secondary 
amine. The formation of the latter product has been 
held to arise from the interaction between the 
normal product of the reduction, the primary 
amine and the intermediate aldimine (Rodd, 
1951). 


R.NH,+NH:CH.R > R.N:CH.R+NH;. 


The aldimine product of the enzyme action con- 
tains both the functional groups necessary for the 
reaction and therefore could undergo cyclization 
with elimination of ammonia. These alternative 
methods of cyclization are illustrated in the 
following scheme with 1:4-diaminobutane as sub- 
strate. 
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Ring-compound formation in these reactions 
depends, as would be expected, on the length of the 
hydrocarbon chain of the substrate. The oxidation 
product of 1:10-diaminodecane does not undergo 
ring closure. 

Weissman & Schoenheimer (1941) suggested that 
the «-keto acid corresponding to L-lysine would be 
expected to form a six-membered ring compound 
with great ease, yielding the ring homologue of 
proline. Meister (1954) has now shown that hydro- 
genation of the «-keto analogue of lysine results in 
the formation of pipecolinic acid. Pipecolinic acid 
is also formed by hydrogenation of the product 
formed by the action on t-lysine of the L-diamino 
acid dehydrogenase of turkey liver described by 
Boulanger & Osteux (1952a,b, 1954). Lowy, 
Holden & Schweet (1952) found that Neurospora 
crassa L-amino acid oxidase oxidizes L-lysine to a 
product which yields pt-pipecolinic acid after 
catalytic hydrogenation. It is known that in plants 
L-pipecolinic acid can be formed from t-lysine 
(Grobbelaar & Steward, 1953; Lowy, 1953). 
Meister (1954) suggested that a possible mechanism 
of formation of this amino acid is the oxidation 
or transamination of lysine followed by cyclization 
of the resulting «-oxo-e-aminohexanoic acid to 
3:4:5:6-tetrahydropicolinic acid, and optically 
specific reduction of the latter compound to the 
natural form of pipecolinic acid. The scheme pro- 
posed for the formation of u-pipecolinic acid from 
L-lysine by Weissman & Schoenheimer (1941) and 
Meister (1954) is based on deamination at the 
a-amino group. Rothstein & Miller (1954) have 
now shown that pipecolinic acid containing N is 
formed in the rat from pt-[e-amino-N]lysine. 
Their results provide conclusive evidence that the 
e-amino group of lysine remains in large measure 
intact during the reaction. However, it was pointed 
out by Weissman & Schoenheimer (1941), that the 
biological degradation of L-lysine might start with 
deamination at the e-amino group and this seems 
the more likely alternative in the amine oxidase- 
catalysed reaction, since both L- and p-lysine are 
attacked. This would lead to the formation 
of 2:3:4:5-tetrahydropicolinic acid whether the 
terminal aldimine or aldehyde group reacted with 
the residual amino group, whereas the cyclization 
of «-oxo-e-aminohexanoic acid formed by «-de- 
amination would yield 3:4:5:6-tetrahydropicolinic 
acid. In the former case the asymmetry of the 
a-carbon of the substrate would be retained in the 
oxidation product. It is, therefore, an attractive 
hypothesis that the amine oxidase-catalysed 
oxidation of L-lysine represents the first stage in the 
formation of L-pipecolinic acid in plants. However, 
investigations so far reported suggest that the 
occurrence of L-pipecolinic acid in plants is not 
limited to those plants containing the amine oxi- 
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dase, and it is possible, therefore, that one or more 
other enzymes are concerned in the primary 
attack on L-lysine. But it is probable that cycliza- 
tion of the oxidation products to a tetrahydro- 
picolinic acid leads, after reduction, to L-pipecolinic 
acid. If so, the plant may also be capable of re- 
ducing tetrahydropyridine compounds and A!- 
pyrroline. The biosynthesis of proline from glutamic 
acid involves the reduction of A?-pyrroline-5- 
carboxylic acid (Vogel & Davis, 1952). The oxida- 
tion of 1:4-diaminobutane, 1:5-diaminopentane and 
of u-lysine studied in the present work may, there- 
fore, be considered as initial stages in the synthesis 
of pyrrolidine and piperidine ring compounds. 

The demonstration of the formation of hetero- 
cyclic compounds as a result of reactions catalysed 
by plant amine oxidase again raises the question 
whether the enzyme is connected with the synthesis 
of alkaloids. This was first suggested by Cromwell 
(1943), who discovered the enzyme during an 
investigation of the synthesis of hyoscyamine and 
related alkaloids in Datura strammonium and 
Atropa belladonna. The amine aldehydes which 
may be formed as the result of the enzyme- 
catalysed oxidation of 1:4-diaminobutane and 1:5- 
diaminopentane are key substances in model 
syntheses of alkaloids of the pyrrolidine and 
piperidine series. Thus Anet, Hughes & Ritchie 
(1949a, b; 1950), working along the general lines 
suggested by Robinson (1917), have recently 
synthesized hygrine, cuscohygrine, isopelletierine, 
methylisopelletierine and sparteine by reactions 
involving the condensation of these aldehydes or 
their methylated derivatives with such compounds 
as acetoacetic acid, acetonedicarboxylic acid and 
formaldehyde. In some cases the syntheses 
occurred in dilute aqueous solution at pH 7 and at 
room temperature. In the present studies with the 
purified amine oxidase some evidence has been 
obtained of the formation of complex ring com- 
pounds. In the 1:5-diaminopentane reaction 
mixtures one or more tripiperideines are present 
and in the hydrogenated reaction mixtures a di- 
piperidine. The presence of a dipyrrolidine is 
suggested in the hydrogenated 1:4-diaminobutane 
reaction mixtures. Schépf et al. (1948) identified 
2:3’-dipiperidine as the main product of the 
hydrogenation of isotripiperideine and pointed out 
that it is closely related to the alkaloid anabasine 
which is isometric with nicotine. 

It appears probable that in vivo the metabolism 
of A}-pyrroline and 2:3:4:5-tetrahydropyridine and 
tetrahydropicolinic compounds will vary according 
to the enzyme systems with which the amine 
oxidase is associated. Direct reduction would 
produce the corresponding pyrrolidine and piper- 
idine compounds. Condensation reactions would 
lead to more complex pyrrolidine and piperidine 
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compounds and possibly in some cases to alkaloids. 
Lastly the A1-pyrroline and tetrahydro-pyridine or 
-picolinic acid compounds may be oxidized in the 
plant. The results of the present work suggest that 
peroxidase may be a catalyst of such oxidations. 


SUMMARY 


1. The oxidation of 1:4-diaminobutane, 1:5- 
diaminopentane, 1:10:diaminodecane and of L- and 
p-lysine catalysed by plant amine oxidase has been 
studied. 

2. Accumulation of carbonyl compounds as a 
result of the oxidations could be demonstrated only 
with 1:10-diaminodecane as substrate. 

3. Evidence was obtained of the formation of 
A}-pyrroline compounds from 1:4-diaminobutane, 
of 2:3:4:5-tetrahydropyridine compounds from 
1:5-diaminopentane and of 2:3:4:5-tetrahydro- 
picolinic acid from D- and L-lysine. 

4. It is suggested that the formation of these 
ring compounds is due to the spontaneous cycliza- 
tion of the aldehydes or of the aldimines which are 
the probable products of the enzyme-catalysed 
reactions. 

5. The compounds formed as a result of the 
oxidation of 1:4-diaminobutane, 1:5-diaminopen- 
tane and of p- and t-lysine were readily hydro- 
genated in presence of platinum black as catalyst. 
Derivatives of pyrrolidine and piperidine were 
isolated from such hydrogenated reaction mixtures 
with 1:4-diaminobutane and 1:5-diaminopentane 
respectively as substrates. A derivative of DL- 
pipecolinie acid was isolated from hydrogenated 
reaction mixtures with DL-lysine as substrate. 

6. It is suggested that the amine oxidase- 
catalysed oxidation of 1:4-diaminobutane, 1:5- 
diaminopentane and t-lysine may represent the 
first stage in a biosynthesis of pyrrolidine and 
piperidine ring compounds. With t-lysine as sub- 
strate this would result in the formation of L- 
pipecolinic acid. 

7. The possibility that amine oxidase is con- 
cerned in the formation of alkaloids is discussed. 
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Plant Enzyme Reactions Leading to the Formation 
of Heterocyclic Compounds 


2. THE FORMATION OF INDOLE 


By P. J. G. MANN anv W. R. SMITHIES 
Biochemistry Department, Rothamsted Experimental Station, Harpenden, Hertfordshire 


(Received 14 December 1954) 


Mann & Smithies (1955) showed that the oxidation 
of 1:4-diaminobutane and _ 1:5-diaminopentane, 
catalysed by plant amine oxidase, results in the 
formation of A!-pyrroline and 2:3:4:5-tetrahydro- 
pyridine compounds respectively. The ring com- 
pounds are presumably formed by the spontaneous 
cyclization of the aldimines which are the probable 
products of the enzyme-catalysed reactions or of 
the amine aldehydes subsequently formed by the 
reaction of the aldimines with water. Plant amine 
oxidase, unlike animal diamine oxidase, attacks 
phenylalkylamines as well as aliphatic diamines 
(Kenten & Mann, 1952; Mann, 1955). Thus the 
oxidation of 2-phenylethylamine is catalysed with 
the formation of phenylacetaldehyde (Kenten & 
Mann, 1952). In view of the ring-compound forma- 
tion resulting from the oxidation of 1:4-diamino- 
butane and 1:5-diaminopentane it appeared possible 
that, by using as substrates phenylalkylamines 
containing a second —NH, group not attacked by 
the enzyme, cyclization of the oxidation products 
might occur. In the present work this was tested 
with 2-(2-aminophenyl)ethylamine as _ substrate 
which was found to be quantitatively converted 
into indole. The result is not unexpected, since the 
work of Stephen (1925) suggests 2-(2-aminopheny]l)- 
acetaldehyde, the probable product of the enzyme- 
catalysed reaction, readily forms indole in vitro. 
Krebs, Hafez & Eggleston (1942) showed that 
Escherichia coli formed indole from 2-(2-amino- 
phenyl)ethanol and suggested that the primary 
step was probably the formation of 2-(2-amino- 
phenyl)acetaldehyde. 


MATERIALS AND METHODS 


Enzyme preparations. These were as described in the 
preceding paper (Mann & Smithies, 1955). 

Preparation of 2-(2-aminophenyl)ethylamine. This was 
prepared from o-nitrocinnamic acid by the series of 
reactions described by Ruggli, Steiger & Schobel (1945). 
The condensation of the acid chloride with activated 
sodium azide could not, however, be carried out in dry 
benzene solution as described by these authors. The 
reaction, however, went smoothly in acetone solution. The 


acid chloride (prepared from 9-7 g. of acid) was taken up in 
acetone (150 ml.), sodium azide (3-9g.) in 9 ml. water 
added and the mixture shaken gently for 20 min. at room 
temp. The cinnamoy] azide was precipitated with water as 
pale-yellow crystals, m.p. 86°. The yield was 8-5 g. The dry 
product was refluxed in 50 ml. benzene for 3 hr. then, after 
the addition of methanol (20 ml.), for a further 45 min. The 
yield was 8-5 g. On recrystallization from ethanol, 7-8 g. 
of the yellow crystals were obtained, m.p. 147°. Ruggli 
et al. (1945) give m.p. 146—147-5° for methyl o0-nitro- 
styrylcarbamate. The further reactions were carried out as 
described by Ruggli et al. (1945). The 2-(2-aminopheny])- 
ethylamine dihydrochloride obtained (5-4 g.) softened at 
177-179° (Jaenisch, 1923, reported 184°). It did not melt 
at 205-210° as reported by Ruggli et al. (1945) though 
bubbles appeared at the higher temp. The dibenzoyl 
derivative was obtained in quantitative yield and after one 
recrystallization from ethanol melted at 136—-137°. Jaenisch 
(1923) reported m.p. 139-140°. 

Melting points. These are uncorrected. 

Analytical methods. Indole was estimated by the Ehrlich 
reagent with the solution used by Morgan & Elson (1934) 
for the estimation of glucosamine (2 g. p-dimethylamino- 
benzaldehyde dissolved in a mixture of 100 ml. acetic acid 
and 5 ml. of cone. HCl). Tracey (personal communication) 
has shown that this solution is suitable for the estimation 
of indole. Samples of the reaction mixtures containing 
2-20 wg. indole were diluted to 2 ml. with water, 8 ml. of 
acetic acid was added followed by 1 ml. of the reagent. The 
mixtures were thoroughly stirred and, after standing for 
40 min. at room temp., the colour intensities were read in 
an EEL (Evans Electroselenium Ltd.) colorimeter using 
Ilford Bright Spectrum Yellow-Green Filter 625 (max. 
transmission, 540 my.). The readings were compared with 
those obtained when using known amounts of indole over 
the range of 2-20 ng. Ammonia was estimated by diffusion 
in Conway dishes at room temp. 

Buffers. Phosphate—borate buffers were made by mixing 
equal volumes of 0-4mM-KH,PO, and 0-4m-H,BO, and 
adjusting to the required pH with KOH, finally diluting to 
twice the original volume. Phosphate buffers were made 
from KH,PO, and KOH. Except where otherwise stated, 
the final concentration of phosphate (and of borate where 
present) in the reaction mixtures was 0-033 M. 

Manometric measurements. Measurements of O, uptake 
were made in air in the Warburg apparatus at 28°. Except 
where otherwise stated, the volume of the reaction mixtures 
was 3 ml. and 0-2 ml. 5n-KOH was present in the centre 
cups. 
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RESULTS 


Manometric studies on the oxidation of 
2-(2-aminophenyl)ethylamine 
Effect of pH. The variation of activity with pH 
was tested, using 0-01m 2-(2-aminopheny]l)ethyl- 
amine with amine oxidase, in presence of catalase, 
in phosphate—borate buffers over the range of 
pH 7-9-5. The pH curve (Fig. 1) was obtained by 
plotting the O, uptake in 20 min. against the final 
~ The curve shows an optimum at pH 8-8-8-9 
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Fig. 1. Effect of pH on the rate of oxidation of 2-(2- 
aminophenyl)ethylamine. Amine oxidase (0-05 ml.), cata- 
lase and 0-01m 2-(2-aminophenyl)ethylamine in phos- 
phate buffers or phosphate—borate buffers. @, Phos- 
phate buffers; O, phosphate—borate buffers. The final 
concentration of phosphate and borate (where present) 
was 0-033M. The total volume of each reaction mixture 
was 3 ml. The substrate was added from the side arms. 
Gas phase, air; temp., 28°. 


and closely resembles that obtained by Kenten & 
Mann (1952) with 2-phenylethylamine as substrate. 
Over the range of pH 7-8 a few points were also 
included, using phosphate buffer alone. The results 
suggest that, over this pH range at least, borate has 
no inhibiting effect. 

Effect of substrate concentration. The effect of sub- 
strate concentration on initial reaction velocity was 
tested in phosphate—borate buffer, pH 8-5, in 
presence of catalase. Maximum velocity was 
reached with 0-002 2-(2-aminophenyl)ethylamine. 
High substrate concentrations caused some de- 
crease in the initial reaction velocity (Fig. 2). The 
curve differed markedly from that obtained by 
Kenten & Mann (1952) with 2-phenylethylamine as 
substrate and the pea-seedling extract as catalyst 
where it was found that increase in substrate con- 


P. J. G. MANN AND W. R. SMITHIES 


1955 


centration was accompanied by increased initial 
reaction velocity up to a substrate concentration of 
at least 0-01m. In view of this difference the effect 
of 2-phenylethylamine concentration on the initial 
reaction velocity was tested with the purified 
amine oxidase preparation in phosphate—borate 
buffer, pH 8-5. The results obtained were very 
similar to those obtained by Kenten & Mann 
(1952). The results suggest that 2-(2-aminopheny])- 
ethylamine has a high affinity for the enzyme as 
have the diamines such as_ 1:4-diaminobutane 
(Kenten & Mann, 1952). It is possible that this 
high affinity is due to the combination of both of the 
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Fig. 2. Effect of substrate concentration on the rates of 
oxidation of 2-phenylethylamine and 2-(2-aminopheny])- 
ethylamine. Amine oxidase (0-03 ml.) and catalase in 
phosphate-borate buffer pH 8-5. ©, 2-Phenylethyl- 
amine; @, 2-(2-aminophenyl)ethylamine. Conditions 
similar to those in Fig. 1. 


amino groups of the substrate with the enzyme in 
the formation of the enzyme-substrate compound. 
It is known that with animal diamine oxidase 
substrates like histamine and agmatine, which 
contain two basic groups with very different 
affinities for the enzyme, act as inhibitors at high 
concentrations (Zeller, Schir & Staehlin, 1939; 
Zeller, 1941). 

Total oxygen uptake, ammonia and indole forma- 
tion. The total O, uptake and the amount of 
ammonia and indole formed were measured, using 
a range of concentrations of 2-(2-aminopheny))- 
ethylamine in phosphate—borate buffer, pH 8:5, 
with amine oxidase, in presence of catalase. 
The results (Table 1) show that the total O, 
uptake approached 0:5 mol. O,/mol. substrate. The 
ammonia formed corresponded closely to 1 mol. 
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NH,/mol. amine suggesting that only one of the 
amine groups of the substrate was attacked. The 
results of indole estimation suggested that the 
oxidation product accumulated quantitatively as 
indole. This was confirmed by the isolation of 
indole, in almost quantitative yield, from the 
reaction mixtures (p. 104). The results of the indole 
estimations were sometimes erratic with the 
reaction mixtures containing the highest substrate 
concentration. This was apparently due to pre- 
cipitation of indole and consequent inaccurate 
sampling. When the vessels were rinsed with a 
little ethanol and the reaction mixtures together 
with the washings made up to a known volume 
samples gave consistent values for indole. The 
results with the highest substrate concentration 
in Table 1 were obtained in this way. Control 
experiments showed that the amount of ethanol 
used did not affect the indole estimation. 
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Table 1. Oxygen uptake and ammonia and indole 
formation during the oxidation of 2-(2-amino- 
phenyl)ethylamine by plant amine oxidase 


Reaction mixtures, incubated for 85 min. at 28°, con- 
sisted of 0-3 ml. amine oxidase, 50 yg. catalase, 2-(2-amino- 
phenyl)ethylamine and phosphate-borate buffer, pH 8-5. 
The substrate was added from the side arm. The total 
volume of each reaction mixture was 3 ml. Gas phase, air. 


2-(2-Aminophenyl)- TotalO, |§Ammonia Indole 
ethylamine added uptake formed formed 
(umoles) (umoles) (umoles) (umoles) 
10 4:8 10-2 10-1 
20 9-6 19-2 19-7 
30 13-9 29-2 32-4 


No carbonyl compounds were found in the 
reaction mixtures by the method of Clift & Cook 
(1932) and no precipitate or colour reaction was 
given with 2:4-dinitrophenylhydrazine. This sug- 
gests that if the reaction takes place by way of 
2-(2-aminophenyl)acetaldehyde subsequent ring 
closure to indole must be very rapid. 

The effect of peroxidase. Kenten (1953) has 
shown that the oxidation of phenylacetaldehyde, 
which is the product of the amine oxidase- 
catalysed oxidation of 2-phenylethylamine (Kenten 
& Mann, 1952), is catalysed by peroxidase, particu- 
larly in presence of Mn*+. Such oxidation was 
independent of H,O, formed during the oxidation 
of the amine and of added H,O,. Since 2-(2-amino- 
phenyl)acetaldehyde may be formed as a result of 
the action of amine oxidase on 2-(2-aminopheny])- 
ethylamine the effect of peroxidase on the course of 
the oxidation of this amine was tested (Fig. 3). It 
was found that peroxidase, present from the start 
of the oxidation, caused an increased O, uptake. 
The effect was diminished but not completely 
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eliminated by heat treatment of the peroxidase 
(30 min. at 100°). The effect was not increased by 
Mn?+ at the concentration used. Peroxidase added 
when the amine oxidase-catalysed reaction was 
completed did not cause any significant O, uptake. 
Further investigation showed that the increased O, 
uptake produced when peroxidase was present 
from the start of the oxidation was due to the 
oxidation of indole and was dependent on the H,O, 
formed in the primary reaction. 
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Fig. 3. The catalysis of the oxidation of the products of the 
amine oxidase-catalysed oxidation of 2-(2-aminopheny])- 
ethylamine by peroxidase. The basal reaction mixtures 
consisted of amine oxidase (0-1 ml.), catalase and 2-(2- 
aminophenyl)ethylamine (0-1 ml. of 0-1m) in phosphate— 
borate buffer, pH 8-5. To these were added at the start of 
the reaction peroxidase (0-1 mg.) alone, or peroxidase 
+0-3 ml. of 0-001m-MnSO, or heat-treated peroxidase 
(30 min. at 100°). Peroxidase was also added to the 
basal reaction mixture at the point marked by the 
arrow when the amine oxidase-catalysed oxidation of 
the 2-(2-aminophenyl)ethylamine was complete. An 
O, uptake of 0-5 mole equivalents=112yl. O, Basal 
reaction mixture + peroxidase; A, basal reaction mixture 
+ peroxidase +Mn*+; @, basal reaction mixture +heat- 
treated peroxidase; [1], basal reaction mixture. Condi- 
tions similar to those in Fig. 1. 


Oxidation of indole by peroxidase systems 


The fact that peroxidase catalyses indole 
oxidation was first demonstrated in test tube 
experiments in which the basal reaction mixture 
consisted of 2ml. of 0-01m indole and 1 ml. of 
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0-ImM phosphate buffer, pH 7. Other reaction 
mixtures contained, in addition, 0-2 mg. peroxidase, 
0-2 ml. of 0-05mM-H,O,, both peroxidase and H,O, 
and also heat-treated peroxidase with H,O,. At 
room temperature within a few minutes the 
reaction mixture containing both H,O, and 
peroxidase developed a yellow colour which 
gradually became purple and at the end of 15 min. 
showed turbidity. After about an hour a purplish 
brown precipitate was deposited. A similar re- 
action occurred much more slowly in the reaction 
mixture containing heat-treated peroxidase and 
H,O,. All the other reaction mixtures remained 
colourless. 
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Fig. 4. Coupled oxidation of indole catalysed by peroxidase 
in presence of an amine oxidase system. The basal 
reaction mixture consisted of amine oxidase (0-3 ml.), 
catalase and ethanolamine (0-1 ml. of 0-1Mm) in 0-067m 
phosphate buffer, pH 7. An O, uptake of 0-5 mole 
equivalents =112 1. @, Basal reaction mixture alone, 
or with peroxidase (0-1 mg.) or with indole (1-0 ml. of 
0-01M); O, basic reaction mixture + indole + peroxidase; 
A, basal reaction mixture +indole +heat-treated per- 
oxidase (30min. at 100°); gg, indole + peroxidase. 
Conditions similar to those in Fig. 1. 





The peroxidase-catalysed oxidation of indole by 
H,0, was also demonstrated in manometric 
experiments in which the amine oxidase-catalysed 
oxidation of ethanolamine was used as the source 
of H,O,. The basic reaction mixture consisted of 


amine oxidase, catalase and ethanolamine in 


0-067 Mm phosphate buffer, pH 7. Addition of indole 
(1 ml. of 0-01M) or peroxidase (0-1 mg.) separately 
to the reaction mixtures caused no increase in the 
O, uptake, but added together they caused a 
doubling of the O, uptake (Fig. 4). This effect was 
only partially eliminated by heat treatment of the 
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of the indole. Peroxidase added when the amine 
oxidase-catalysed oxidation of ethanolamine was 
complete did not induce oxidation of the indole. 
The effect of peroxidase in catalysing the oxidation 
of the indole was, therefore, dependent on the H,0, 
formed in the primary reaction. The colour re- 
actions observed were similar to those in the test 
tube experiments. The increased O, uptake in 
presence of peroxidase was accompanied by a 
diminution in the amount of indole as estimated by 
the Ehrlich reagent. Wiltshire (1953) showed that 
peroxidase catalyses the oxidation of tryptophan 
by H,O, and used the system of amine oxidase and 
ethanolamine to provide the H,O, for this oxi- 
dation. 


Isolation of indole following the amine oxidase- 
catalysed oxidation of 2-(2-aminophenyl)ethylamine 


A reaction mixture was made up containing 10 ml. 
0-1m 2-(2-aminophenyl)ethylamine, 2 ml. amine oxidase, 
1 mg. catalase, and 20 ml. phosphate-borate buffer, pH 8:5, 
in a total volume of 60 ml. A sample (3 ml.) of this reaction 
mixture was placed in a Warburg vessel and the O, uptake 
was followed at 28°. The rest of the reaction mixture was 
put in a 250 ml. Erlenmeyer flask and shaken at 28°. When 
the O, uptake stopped the reaction mixtures were com- 
bined and the solution was brought to pH 2 with cone. HCl. 
The solution was then extracted four times with 60 ml. of 
light petroleum (b.p. 60-80°). The combined extracts were 
concentrated to a small volume by distillation under 
reduced pressure and finally taken to dryness in a vacuum 
desiccator. The residue consisted of 0-106 g. of white 
shining leaflets, m.p. 50-51°, unchanged by admixture with 
an authentic sample of indole m.p. 51-52°. The yield (cal- 
culated as indole) was 91%. The derivative with 1:3:5-tri- 
nitrobenzene had m.p. 188-190° unchanged on*admixture 
with an authentic sample, m.p. 187—-189°. 


DISCUSSION 


The results of the present work show that ring- 
compound formation, as a result of amine oxidase 
activity, is not confined to those reactions in which 
aliphatic diamines are the substrates. Phenyl- 
alkylamines can also act as substrates leading to 
the formation of ring compounds. It is suggested 
that the indole formation like that of A!-pyrroline 
and 2:3:4:5-tetrahydropyridine as a result of the 
enzyme-catalysed oxidation of 1:4-diaminobutane 
and 1:5-diaminopentane respectively (Mann & 
Smithies, 1955) may be due to the cyclization of 
the aldimine, which is the probable product of the 
enzyme-catalysed reaction, or to that of the alde- 
hyde subsequently formed. The fact that the 
oxidation of 2-(2-aminophenyl)ethylamine leads to 
the formation of indole suggests that with other 
suitable phenylalkylamines as substrates quino- 
lines and isoquinolines could be formed. The 
possibility of such ring-compound formation in vivo 
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depends, in the first place, on the availability of the 
substrates. The occurrence of 2-(2-aminopheny]l)- 
ethylamine in plants has apparently not been 
recorded, and Baker, Happold & Walker (1946) 
have shown that 2-(2-aminophenyl)acetaldehyde is 
not an intermediate in the formation of indole from 
tryptophan by tryptophanase. Nevertheless, it is 
clear from the present results and from those of 
Mann & Smithies (1955) that the products of the 
reactions catalysed by plant amine oxidase 
frequently undergo spontaneous cyclization. Some 
of these cyclizations may be of importance in vivo. 
The possibility that the products formed by the 
action of plant amine oxidase on 1:4-diaminobutane 
and 1:5-diaminopentane may condense with plant 
metabolites to form alkaloids has already been 
referred to by Mann & Smithies (1955). It is 
possible that such condensations may also occur 
when phenylalkylamines are the substrates of the 
enzyme. In this connexion Blaschko (1952) has 
drawn attention to a particularly interesting model 
alkaloid synthesis by Spiéith & Berger (1930) in 
which 2-(3:4-dimethoxyphenyl)ethylamine con- 
denses with the corresponding 2-(3:4-dimethoxy- 
phenyl)acetaldehyde to give a compound which 
re-arranges itself to form tetrahydropapaverine. 
The amine is a substrate of animal amine oxidase 
(Bhagvat, Blaschko & Richter, 1939) and the 
aldehyde is presumably formed as a result of the 
enzyme-catalysed oxidation. Blaschko (1952) 
points out that the amine and aldehyde are, there- 
fore, present simultaneously and that the presence 
of the amine oxidase creates the conditions under 
which alkaloid synthesis can take place. 

Lastly it should be puinted out that the reaction 
described in the present work may be catalysed not 
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only by plant amine oxidase but also by the plant 
monoamine oxidase described by Werle & Roewer 
(1950). 
SUMMARY 

1. The oxidation of 2-(2-aminopheny]l)ethyl- 
amine is catalysed by plant amine oxidase. The 
oxidation product accumulates in the reaction 
mixture as indole. 

2. The oxidation of indole by hydrogen peroxide 
is catalysed by peroxidase. 
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Biosynthesis of Proteins 
3. PRECURSORS IN THE SYNTHESIS OF CASEIN AND £-LACTOGLOBULIN* 


By BRIGITTE A. ASKONAS, P. N. CAMPBELL, C. GODIN anpb T. 8S. WORK 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 23 December 1954) 


During recent years there has been much dis- 
cussion of the role of peptides in protein synthesis. 
It has been suggested that one body protein can be 
converted into another without complete degrada- 
tion to amino acids and that, for example, blood- 
plasma proteins may be used by the tissues without 


* Part 2: Askonas, Campbell & Work (1954a). 


undergoing complete hydrolysis (Yuile, Lamson, 
Miller & Whipple, 1951). Evidence has been 
obtained also by Francis & Winnick (1953) that 
proteins present in embryo extracts can be used 
by tissue cultures without undergoing degradation 
and resynthesis. The idea of the conversion of 
one protein into another through peptide inter- 
mediates has also gained indirect support from the 
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demonstration that intracellular cathepsins can 
catalyse transpeptidation reactions; such reactions 
would allow the conversion of one protein into 
another without degradation to amino acids 
(Fruton, 1950; Hanes, Hird & Isherwood, 1952). 

In the present investigations, advantage was 
taken of the remarkable efficiency of the goat 
mammary gland as a protein factory and experi- 
ments were designed to answer the question, can 
plasma protein be converted into milk protein 
without complete degradation to amino acids? 

During full lactation a goat may produce 
between 100g. and 150g. of milk protein daily. 
Nitrogen for the synthesis of this protein could be 
derived either from blood-plasma protein or from 
free amino acids of the blood (or from both). 
Campbell & Work (1952) and Barry (1952) showed 
that in the rabbit and the goat the free circulating 
amino acids were the most important precursors of 
milk proteins, but the possibility remained that 
some peptides for milk-protein synthesis might be 
supplied by partial degradation of plasma protein. 
Later, it was shown that although casein and f- 
lactoglobulin were synthesized mainly from amino 
acids, the milk immune globulin was not syn- 
thesized in the mammary gland (Askonas, Camp- 
bell, Humphrey & Work, 1954; Askonas, Campbell 
& Work, 1954a). 

In the present investigation two experiments 
were carried out. In the first, a lactating goat was 
given a single injection of a mixture of radioactive 
glycine, valine and lysine, milk was collected 4 hr. 
later and the casein partially hydrolysed. From the 
partial hydrolysate nine radioactive peptides were 
isolated. In the second experiment, the same 
animal was given a single injection of a mixture of 
radioactive valine and lysine and milked after 3 hr. 
Crystalline B-lactoglobulin was isolated from this 
milk, partially hydrolysed, and eighteen radio- 
active peptides were isolated. The distribution of 
radioactivity in these peptides was such as to 
permit a decision between alternative theories of 
milk-protein synthesis. 

Preliminary accounts of this work have already 
appeared (Askonas, Campbell & Work, 1954); 
Askonas, Campbell, Godin & Work, 1954). 


MATERIALS AND METHODS 


Animal. A British Saanen goat with a daily milk yield of 
about 5 Ib. was used. 

Radioactive amino acids. These were the same as used 
previously. All injections were intravenous (cf. Askonas 
et al. 1954a). 

Separation of milk proteins. Casein was precipitated 
twice at pH4-5 and washed as described previously 
(Askonas ef al. 1954a). B-Lactoglobulin was crystallized by 
the method of Askonas (1954). 
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Partial hydrolysis of casein. Casein (150 mg. N) was 
suspended in 12N-HCl (15 ml.) and heated in a sealed tube 
for 12 hr. at 56°. The bulk of the HCl was removed in a 
rotary evaporator (Craig, 1950). The residue was dissolved 
in water (30 ml.) and amino N determined on a small 
sample using the nitrous acid method of Van Slyke (1913). 
The proportion of amino N varied slightly in different 
experiments but was about 45% of total N. 

To remove residual HCl, the hydrolysate was shaken 
with successive small portions of De-Acidite E (The 
Permutit Co., Gunnersbury Avenue, London, W. 4) (before 
use the resin was activated by washing with excess N- 
Na,CO, followed by distilled water until the washings were 
neutral). When the pH of the hydrolysate had risen to 
about 3-5 the resin was filtered off and washed twice with 
15 ml. water, the washings being added to the main 
hydrolysate. This fraction (C,) contained 83 % (120 mg.) of 
the original nitrogen. The resin was washed with n-HCl 
(20 ml.) followed by water (15 ml.). The combined washings 
contained 10-6 mg. N and were discarded. 

Fractionation of casein hydrolysate (C,) on charcoal. The 
charcoal was prepared from Sutcliffe Speakman grade 130 
(Sutcliffe Speakman and Co., Leigh, Lancs), by the method 
of Schramm & Primosigh (1943). Washed charcoal (3-5 g.) 
was suspended in 5% (v/v) acetic acid and poured into a 
column (diam. 1-3 cm.). Fraction C, dissolved in 5% (v/v) 
acetic acid was allowed to percolate through the charcoa! 
and washed through with a further 130 ml. of 5% acetic 
acid. The combined effluents (C,) contained 69 mg. N. By 
washing the charcoal with a mixture of phenol, acetic acid 
and water (5:20:75, v/v) another fraction (C,;, 32 mg. N) 
was obtained. Fractions C, and C, were kept separate. 

Fractionation of casein hydrolysate (C,) on Dowex-50 resin. 
Dowex-50 x 12 resin (200-400 mesh/in., 750g. wet wt., 
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Microchemical Specialities Co., Berkeley, California) was 
prepared as described by Hirs, Moore & Stein (1952) and 
the ammonium salt of the resin equilibrated with 0-1 
ammonium formate buffer (pH 3-0) (all molarities are 
referred to the cation; the buffer was made from 112 ml. 
redistilled 98% (w/v) A.R. formic acid, 200 ml. 2N-NH; 
made from pure NH;, 1320 ml. ethanol and water to 41.). 
It is essential to degas all buffers at the water pump, 
since otherwise air bubbles form on the resin and break up 
the column. The column (3 x 100 cm.) was poured in four 
lots as recommended by Moore & Stein (1951). When the 
pH of the effluent was the same as that of the inflowing 
buffer the partially hydrolysed casein (C,, 69 mg. N) 
dissolved in 10 ml. of the formate buffer was added to the 
column and development started at a flow rate of 30 ml./hr. 
Gradient elution was begun after collection of 3-351. of 
effluent (25 ml. fractions) by allowing a second buffer, 
0-2m, pH 4-9 (250 ml. 2n-NH,, 70 ml. 98% formic acid, 
825 ml. ethanol and water to 2-51.) to flow from a supply 
reservoir into 3 1. of the pH 3-0 buffer in a mixing chamber. 
When the total volume collected was 7-6 1., the reservoir 
was emptied and refilled with pH 6-1, 0-5m buffer (970 ml. 
2n-NH,, 70 ml. 98% formic acid, 1320 mi. ethanol and 
water to 41.) and at 10-5 1. effluent again emptied and refilled 
with pH 7-1, 0-5m buffer (500 ml. 2n-NH,, 37 ml. 98% 
formic acid, 660 ml. ethanol and water to 2 1.). This buffer 
was continued to a total effluent volume of 15-1 1., when the 
column was stopped (605 fractions of 25 ml.). 4n 
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Analysis of column (C,) effluent. Each effluent fraction 
was concentrated to 5 ml, and 200yl. of this concentrate 
analysed by descending} single-dimension paper chromato- 
graphy using Whatman no. 3 paper and, in the first 
instance, phenol-NH, as solvent. Peptides were detected 
by spraying with the collidine-ninhydrin reagent of Lewis 
(1952). Satisfactory resolution was usually obtained with 
this solvent in the presence of ammonium formate. Where 
resolution was unsatisfactory owing to high Ry, values a 
second chromatogram was run in butanol-acetic acid, after 
sublimation of ammonium formate. Fractions were pooled 
on the basis of qualitative similarity in their chromato- 
graphic pattern. The buffer was removed from the bulked 
peptide fractions by sublimation in vacuo and the peptides 
converted into their dinitrophenyl (DNP) derivatives. While 
this method allowed us to isolate some peptides (Table 2) it 
was laborious and, in dealing with the partial hydrolysate 
of lactoglobulin, another method of effluent analysis was 
developed (see below). The isolation of DNP peptides from 
the pooled fractions is not described in detail since, although 
each was treated differently, the same general principle was 
followed in all cases. An example of such a fractionation is 
given later for B-lactoglobulin. 


Peptides from B-lactoglobulin 


Partial hydrolysis of B-lactoglobulin. The twice-recrystal- 
lized protein was freed from salts by dialysis and freeze- 
dried. A sample (1-68g.) was suspended in 12n-HCl 
(25 ml.) and hydrolysed as described for casein. The amino 
N in the hydrolysate was 45% of total N. After treatment 
with Deacidite E in the same way as casein, the unad- 
sorbed fraction (L,) contained 184 mg. N. The acid washings 
from the resin were discarded. 

Fractionation of lactoglobulin hydrolysate (L,) on charcoal. 
Fraction L, (184 mg. N) was passed through a column of 
5g. charcoal in the same way as C, to give an acetic acid 
eluate (L,, 99 mg. N) and a phenol-acetic acid eluate (L,, 
50 mg. N). 

Fractionation of amino acids on Zeo-Karb 225 WR 1-55. 
The resin used for the fractionation of lactoglobulin 
peptides, a sulphonated polystyrene, was specially made by 
the Permutit Co. as micro-beads (25-60 yu. diam.). Although 
essentially similar to the Dowex-50 x 12 used for casein it 
had a much lower degree of cross-linking. We do not con- 
sider it satisfactory to define resins by the percentage cross- 
linking agent since this is difficult to control accurately and 
this resin is defined as WR1-55 using the water-regain 
method of Pepper (1951, Fig. 7). WR 1-55 corresponds to 
about 5% cross-linking agent. 

We have already reported on the use of this resin for the 
quantitative estimation of amino acids in protein hydro- 
lysates, using sodium citrate buffer (Campbell, Jacobs, 
Work & Kressman, 1955). For the separation of peptides 
we preferred to use ammonium formate buffer since it is 
readily sublimed from the effluent. In order to find suitable 
conditions for operation with this buffer, columns were run 
using different initial pH values and with a complete 
hydrolysate of lactoglobulin as test mixture. Satisfactory 
results were obtained starting with 0-2m ammonium 
formate (pH 2-46) as first buffer and carrying out gradient 
elution with progressive rise in pH and molarity. 

The resin (about 1-5 kg. wet wt.) was first washed as 
recommended by Hirs et al. (1952), suspended in 21. of 
4n-NHg, left overnight, filtered and washed first with water 
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and then with ammonium formate buffer (0-2m, pH 2-46) 
(A.R. formic acid, 410 ml. of 85% (w/v); 400 ml. 2n-NH, 
and water to 41.). The column (150x3cm. diam.) was 
prepared by dividing the resin into four roughly equal 
portions suspended in buffer. Each portion was poured 
into the column and allowed to settle before adding the 
next. A sample of completely hydrolysed B-lactoglobulin 
(60 mg. N) was dissolved in formate buffer (7 ml.) and 
added to the column. Elution was commenced with the 
pH 2-46 buffer, the flow rate being 30ml./hr. After 
collecting 14 1. of effluent, gradient elution was begun with 
pH 5-5 buffer (0-2m; 38 ml. of 85% formic acid, 400 ml. 
2n-NH; made up to 4 1.). The second buffer was allowed to 
flow from a supply reservoir into 31. of pH 2-46 buffer in a 
mixing chamber. Conditions for further development of 
the column and the order of elution of amino acids are 
given in Fig. 2. The composition of the effluent was deter- 
mined as described for the casein column C,. 

Fractionation of lactoglobulin peptides (L,) on Zeo-Karb 
225 WR 1-55. A portion of lactoglobulin partial hydrolysate 
L, (68 mg. N) was evaporated to dryness, redissolved in 
formate buffer (7 ml.) and added to a column prepared as 
above. Elution was commenced with the pH 2-46 buffer and 
60 ml. fractions were collected (30 ml./hr.). When 14-5 1. of 
buffer had been collected (tube 243) gradient elution was 
begun with 0-2m, pH 5-5 formate buffer. When the total 
volume collected was about 221. (tube 362) the supply 
reservoir was emptied and refilled with 2-0m buffer pH 5-5 
(895 ml. 4-47n-NH,, 190 ml. 85% formic acid and water to 
21.). This was continued until the total volume of effluent 
was about 281. (tube 462) when the reservoir was again 
emptied and refilled with a similar 2-0m buffer containing 
25% ethanol. Elution with this buffer was continued to 
tube 595 (35-7 1.). 

Detection of radioactivity in column (L,) effluent. Each 
60 ml. fraction was transferred to a Pyrex evaporating 
basin and the solvent and buffer were removed in a specially 
designed multiple-sample evaporator (Fig. 1). The Pyrex 
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Fig. 1. Multiple-sample evaporator for use with volatile 
buffers. M, metal flange with controlled air leak; P, 
Pyrex pipe. A, perforated aluminium tray. For method 
of operation see text. 
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pipe line P (6 ft.x6in.) was closed at one end with a 
rubber-covered metal flange (M) carrying an adjustable air 
leak and connected at the other end through an adaptor to 
the vertical copper condenser and CO,-cooled vapour trap. 
Samples were pushed into the pipe line on a perforated 
aluminium tray (A) and heated by a series of nine infrared 
lamps with rheostat control of heat input. After loading 
the tube with effluent samples it was evacuated to about 
10 mm. Hg (oil pump) and when the initial bubbling had 
ceased the lamps were switched on and the power increased 
slowly. After about 4 hr. the buffer began to crystallize in 
the bottom of each dish and at this stage heat input was 
reduced to avoid spluttering. Final sublimation of the 
buffer could be accelerated by connecting a steam supply 
to the air leak. The vacuum of 10 mm. Hg could be main- 
tained even with a rapid flow of steam which helped to 
carry the subliming buffer into the condenser. 

When buffer had been made from A.R. formic acid and 
freshly distilled NH,, dishes which contained buffer only 
were chemically clean when removed from the evaporator. 
All dishes containing effluent samples were washed with 
0-5 nil. distilled water containing a trace of detergent, the 
washings transferred to a nickel planchet (5 sq.cm.), 
evaporated to dryness and assayed for radioactivity using 
an automatic recording Geiger counter with a thin end 
window. Fractions were pooled on the basis of a plot of 
radioactivity against fraction number (Fig. 3). 


Isolation of DN P-peptides 


The peptide-containing fractions from both ion-exchange 
columns (C, and L,) were treated in the same way. Each 
group of tubes was a mixture of different peptides and 
amino acids and purification of each was an individual 
problem. A detailed account of the purification of the 
twenty-eight radioactive peptides isolated is not necessary ; 
the same general procedure was followed in each case and 
the treatment of only one group of pooled fractions is 
outlined. 

Preparation of silica. The method of Porter (1950) was 
used for the preparation of silica gel. Porter noted that the 
qualitative behaviour of different batches of gel varied 
even when the method of preparation was standardized. 
Advantage was taken of this variation; five batches of gel 
were prepared and tested using synthetic DNP-amino acids. 
Batch 2 gave high R values, batch 3 very low FR values and 
batch 5 gave values much the same as those published by 
Blackburn (1949). In analysing a complex mixture of 
DNP-peptides the three silica gels were used in the order 
2, 5, 3. Gel 2 was usually mixed initially with half its 
weight of water. Bands which travelled fast in this silica 
were transferred to a second or third column using buffer of 
progressively higher pH as stationary phase and changing 
from the non-adsorbent to the more adsorbent batches of 
silica. 

Fractionation of L, tubes 444-449. The material from 
these tubes was pooled, dissolved in 2 ml. of water diluted 
with 4 ml. of ethanol and treated with fluorodinitrobenzene 
(20 mg.) and NaHCO, following the general directions of 
Schroeder & LeGette (1953). The resultant mixture of DNP- 
peptides was extracted into ethyl acetate and taken to 
dryness, redissolved at once in 2 drops of hot n-butanol and 
diluted with 10 ml. of washed chloroform. Owing to the 
sparing solubility of some DNP-peptides in chloroform 
there is a tendency for peptide to come out of solution at 
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this stage; transfer of the solution to a silica gel column 
should, therefore, follow immediately. Column 1. The 
column (15 g. silica batch 2 mixed with 7-5 ml. water and 
packed in a 2 cm. diam. tube) was developed at once with 
washed chloroform followed by chloroform containing 
successively 2, 4, 7 and 16% n-butanol (v/v). Six separate 
yellow bands (L,-444.A to L,-444F) were collected in the 
effluent, each was taken to dryness, transferred to a 
2 sq.cm. planchet containing a 2 sq.cm. disk of lens tissue 
(Fager, 1947) and counted, using a thin-window Geiger 
counter. These counts had no absolute significance and 
were used only to decide which bands were worth further 
investigation. The counts were as follows (counts/min. 
above background): L,-444.A, 384; L,-444.B, 0; L,-444C, 
227; L,-444 D, 66; L,-444 2, 74; L,-444F, 0. Bands B, D, 
E and F were discarded along with an inactive band @ 
which had not moved in 16% butanol and was eluted with 
ethyl methyl ketone. Column 2. L,-444A was further 
fractionated on a second silica column (15g. batch 
5+7-5 ml. buffer; 0-5m-NaH,PO, 7 vol. to 3 vol. 0-5m- 
Na,HPO,), starting with chloroform and following with the 
chloroform—butanol mixtures used previously. L,-4444 
separated into two bands, L,-444 A, (153 counts/min.) and 
L,-444 A, (142 counts/min.). Column 3. Band L,-4444, 
was fractionated on batch 3 silica (15g. silica, 7-5 ml. 
buffer; 0-5m-NaH,PO, 4 vol. to 6 vol. 0-5mM-Na,HPO,) with 
chloroform—butanol as before. A single band was formed 
with no sign of separation into multiple components and 
this material was judged to be a pure DNP-peptide. This 
was confirmed by acid hydrolysis (0-2 ml. 12N-HCl for 
8 hr. at 100°) and paper-chromatographic analysis of the 
hydrolysate, when only one DNP-amino acid was found. 
After removal of HCl in vacuo, the hydrolysate was separ- 
ated into an ethyl acetate-soluble and a water-soluble 
fraction, both yellow. The ethyl acetate-soluble fraction 
(not radioactive) was chromatographed on phthalate- 
buffered paper with tert.-amyl alcohol (Blackburn & 
Lowther, 1951) and the single spot identified as DNP- 
leucine. One-fifth of the water-soluble fraction was 
chromatographed in butanol-acetic acid, a single yellow 
component corresponding to N* DNP-lysine was detected, 
no additional spot showed after spraying with ninhydrin. 
Peptide L,-444 A, was therefore leucyllysine (or isoleucyl- 
lysine; the methods used do not distinguish between leucine 
and isoleucine). The remaining four-fifths of the water- 
soluble hydrolysate was treated with fluorodinitrobenzene 
(cf. Schroeder & LeGette, 1953) and the resultant bis- DNP- 
lysine purified by chromatography on two silica columns, 
estimated colorimetrically and assayed for radioactivity 
(see below). Column 4. Band L,-444 A, was fractionated on 
15 g. of batch 5 silica using the same buffer and solvent 
mixture as for column 3. Two bands formed on the column, 
the faster (L,-444 A,) contained all the radioactivity and the 
slow band was discarded. The material from band A, was 
hydrolysed and analysed in the same way as L,-4444j. 
(The results are given in Table 3.) Column 5. Band L,- 
4440 was fractionated on 15g. of batch 3 silica with 
7-5 ml. buffer (4 vol. 0-5m-NaH,PO, to 6 vol. 0-5M- 
Na,HPO,) starting with chloroform and developing with 
2% butanol in chloroform. Two bands separated; the 
faster band was not radioactive and was discarded, the 
slower band L,-444C, was judged to be pure and was 
hydrolysed to give N* DNP-lysine, proline and methionine. 
The lysine was converted into bis-DNP-lysine, purified and 
assayed for radioactivity (Table 3). 
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Isolation of DNP-amino acids and errors in 
determination of radioactivity 


For determination of the radioactivity of DNP-amino 
acids from a complete hydrolysate of protein, or from 
purified and hydrolysed DNP-peptides, the methods 
already outlined were used (Askonas et al. 1954a). For the 
micro-scale purification of DNP-glycine, DNP-serine, 
DNP-valine and bis-DNP-lysine from peptides, silica and 
Celite columns were used. Where there was doubt about the 
purity of the band eluted from the first column the material 
was refractionated on a second column at a different pH 
and with a different solvent system. 

Glycine. Suitable systems were: (a) 0-25mM-KH,PO,— 
0-25 M-Na,gHPO, (97-5: 2-5 by vol.) with 1-2% (v/v) butanol 
in chloroform as moving phase (silica batch 3-buffer 2:1, 
w/v); (b) Celite as described previously (Krol, 1952); (c) as 
for (e) below. 

Serine. Suitable systems were: (d) Celite as described 
previously (Campbell & Work, 1952). (It should be noted 
that there is an error in the description of the buffer system 
used, the vol. ratio 0-25mM-Na,HPO, : 0-25m-NaH,PO, 
should be 2:8 not 1:9 as given earlier.); (e) silica batch 2 
with a cyclohexane-ether mixture (2:1, v/v) as moving 
phase and water as stationary phase (this mixture could 
be used also for glycine). 

Valine. For DNP-valine, suitable systems were as 
follows: (f) buffer, equal vols. of 0-5mM-NaH,PO, and 0-5m- 
Na,HPO,, with 2% butanol in chloroform as moving 
phase (silica batch 5—buffer 2:1, w/v); (g) same salt solu- 
tions in the ratio 4:6 with 5% propanol in cyclohexane 
(silica 5). 

Lysine. For bis-DNP-lysine two suitable systems were: 
(h) buffer as in (g) with 10% butanol in chloroform (silica 
5-buffer 2:1, w/v); (¢) unbuffered batch 5 silica with water 
as stationary phase and chloroform as solvent, followed 
when the band was near the bottom of the column by 
0-5% butanol in chloroform. 

The determination of the specific activity of DNP- 
glycine and DNP-valine on a micro scale has been de- 
scribed previously. The error was +8%, estimated by a 
parallel macro experiment in which the DNP-glycine and 
DNP-valine were crystallized and weighed (Askonas e¢ al. 
1954a; Campbell & Work, 1952). To test the reliability of 
the lysine method on a micro scale a sample of synthetic 
(4C) radioactive bis-DNP-lysine was made and purified to 
constant radioactivity by crystallization from aqueous 
formic acid. Five small samples (range 75-514 yg.) of this 
material were pipetted from a standard solution, no. 2 was 
mixed with DNP-valine, no. 3 with DNP-proline, no. 4 
with DNP-alanine, no. 5 with DNP-glycine and no. 1 was 
kept pure. Each sample was repurified on silica gel, the 
bis-DNP-lysine band collected, transferred to 05% 
NaHCO,, estimated colorimetrically (cf. Krol, 1952), 
diluted with a weighed sample of bis-DNP-lysine (20- 
30 mg.) and counted at infinite thickness on a 1 sq.cm. disk. 
The relative activities of the samples were calculated as 
38200, 39000, 38000, 36400, 37000 as compared with 
39600 for the original synthetic material. Here, the specific 
activity of the lysine was high enough to permit counting 
to an error of +2%. With the less active lysine from milk, 
the counting error was +5%. The over-all error of the 
method is likely to be about +15%. 
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RESULTS 
Casein 


Casein was obtained from a sample of goat milk 
(540 ml.) collected 4 hr. after injection of a mixture 
of glycine, Du-valine and pt-lysine (250, 25 and 
40 po; cf. Askonas et al. 1954a, Table 3). To deter- 
mine whether any one amino acid had uniform 
radioactivity in different parts of the protein 
molecule, the casein was partially hydrolysed with 
acid as described in the experimental part of this 
paper and radioactive peptides were isolated. 

The partial hydrolysate was fractionated, first by 
adsorption on charcoal (cf. Sanger & Thompson, 
1953). This divided the partial hydrolysate into 
two main fractions C, and C,, C, being the material 
which could be eluted by 5 % acetic acid and C, the 
material which could not be desorbed with this 
solvent but was removed by a mixture of phenol 


Table 1. The distribution of radioactivity after 
fractionation of partial hydrolysates of casein (C, 
and C,) on Dowex-50 x 12 resin 


Details of the preparations of C, and C, are given in the 
Experimental section. Radioactivity was determined on 
io of each pooled sample. These values have no absolute 
significance. 





C, C; 
oN c 

Tube Radioactivity Tube Radioactivity 

no. (counts/min.) no. (counts/min.) 
1- 53 0 1- 50 62 
54- 63 16 51-100 90 
64-102 12 101-123 15 
103-107 60 124-154 18 
108-115 40 155-172 13 
116-119 14 173-184 5 
120-132 8 185-193 5 
133-140 0 194-222 12 
141-147 10 223-228 16 
148-162 14 229-238 13 
163-180 30 239-246 8 
181-192 160 247-268 50 
193-205 48 269-279 6 
206-216 54 280-288 37 
217-234 32 289-297 4 
235-252 103 298-310 6 
253-273 22 311-320 6 
274-284 22 321-330 10 
285-299 14 331-340 7 
300-320 0 341-350 5 
321-330 6 351-360 15 
331-350 6 361-370 13 
351-360 12 371-380 8 
361-370 18 381-401 4 
371-380 46 402-411 20 
381-390 62 412-426 24 
391-406 66 427-446 35 
407-414 100 447-466 49 
415-428 — 467-479 24 
429-445 46 480-489 27 
446-465 160 490-531 24 
466-605 204 532-559 52 
560-580 25 
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and acetic acid. Both C, and C, were fractionated 
by gradient elution from columns of Dowex-50 x 12 
resin using ammonium formate buffer in aqueous 
ethanol (see Experimental). 

As judged by paper chromatography of the 
effluents, fractionation of C, on Dowex was fairly 
effective, few of the ninhydrin-positive spots 
extending over more than twenty tubes (500 ml.) of 
effluent. The fractions were combined according to 
the appearance of paper chromatograms. As shown 
in Table 1 the resultant 32 fractions were nearly all 
radioactive but certain peaks of radioactivity were 
evident. The hydrolysate fraction C, was treated in 
exactly the same way as C, but chromatography 
of the column effluent indicated a less effective 
fractionation. A large amount of radioactive 
material came through in the first 100 tubes; the 
most likely interpretation of this is that C, con- 
tained peptides too large to be effectively held by 
Dowex-50 x 12. 
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two different pH values and with two different 
grades of silica gel ; itis quite possible, however, that 
in some cases a band was a mixture of two peptides 
with the same end group; thus, for example, 
Lys.[Asp, Glu, Leu, Phe] (Table 2) may be a 
mixture of two tripeptides, but this possibility does 
not alter our general conclusions. Each radioactive 
peptide was hydrolysed, its composition determined 
by paper chromatography and the radioactive 
amino acid isolated and counted as the DNP-amino 
acid. The results are given in Table 2. 

Some idea of the complexity of each mixture was 
obtained from the number of bands separated on 
silica. This was of course a minimum figure, since 
the material from each band was tested for radio- 
activity and bands which were inactive, or which 
gave few counts above background, were dis- 
carded as unlikely to give sufficient pure peptide 
for accurate assay of radioactivity; these dis- 





Table 2. 


Radioactivities of amino acids isolated from peptides of fraction C, and of amino acids 


isolated from a complete hydrolysate of casein 


Radioactivity is expressed as counts/min./sq.cm. at infinite thickness and is calculated for the pure amino acids. Under 
the conditions used 1 x 10-8 zc/mg. C gives 1000 counts/min. The sequence of amino acids enclosed by squared brackets 


has not been determined. 


carded bands probably contained in most cases 


Radioactive amino acid Peptides Fraction numbers Radioactivity* 

Valine Thr.[Asp, Val] 64-102 1120 
Val.{Pro, Leu, Val] 446-465 1040 

Val.[Pro, Leu, Val] 446-465 1680 

Val.[?] 141-162 1100 

Complete hydrolysate — a 1008 

Glycine Thr.[Gly, Glu] 206-234 10200 
Leu.Gly 235-252 11200 

Complete hydrolysate —_ — 11400 

Serine Ser. Pro 253-284 1475 
Ser. Leu 253-284 1334 

Complete hydrolysate — ~- 1510 

Lysine Lys [Asp, Glu, Leu, Phe]f 381-406 2780 
Lys (Glu, Phe, Lys] 407-428 3040 

Lys [Glu, Phe, Lys] 407-428 2950 

— 3170 ; 


Complete hydrolysate _ 


* Where two radioactive residues are present in one peptide the value refers to the residue which is italicized. 


+ May be a mixture of two tripeptides. 


Isolation of DNP-peptides from casein hydrolysate 
C,. The radioactive fractions listed in Table 1 (C,) 
were treated with fluorodinitrobenzene. The 
resultant mixtures of DNP-peptides and DNP- 
amino acids were partitioned on silica-gel columns 
by the general methods described in the Experi- 
mental section. All the DNP-peptide bands eluted 
from the columns were tested for radioactivity and 
inactive or slightly active bands were discarded, 
A band was generally judged to be due to a single 
peptide when it showed no sign of fractionation at 


several different peptides. The number of bands 
separated from each fraction were as follows: 64- 
102, 5; 141-162, 10; 206-234, 15; 235-252, 12; 
253-284, 11; 381-406, 12; 446-465, 11. / 
It might be supposed at first sight that by dis- 
carding the less active bands we reduced the chance 
of finding peptides containing amino acids of low 
radioactivity. To eliminate any possibility that we 
were being misled in this way, another sample of 
the same radioactive casein was completely hydro- 
lysed and radioactive DNP-amino acids isolated ; 
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(Askonas e¢ al. 1954a). The mean specific radio- 
activity for each amino acid at all points in the 
molecule was thus determined and found (Table 2) 
to be close to that calculated for the same amino 
acid isolated from peptides. Had we discarded 
from our peptide mixtures amino acids of low 
specific activity and isolated those of high specific 
activity, then the mean radioactivity for any amino 
acid from a complete hydrolysate would have been 
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considerably below that of amino acid isolated 
from a purified peptide. 

Isolation of DNP-peptides from casein hydro- 
lysate C3. Fractions C, (247-268), C, (280-288) and 
C, (447-466) were converted into DNP-peptides 
and fractionated on silica-gel partition columns. 
Each contained a large number of peptides, but in 
no case could sufficient of a radioactive DNP- 
peptide be obtained to permit characterization and 


3a 6 =: Ia 128 
2a 5a 3’ a-_ 11a 14a 164 
1a 4a 7 =f 104 134 15 @ 17a 
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Fig. 2. 


Fractionation of a complete hydrolysate of B-lactoglobulin on Zeo-Karb 225 WR 1-55 ion-exchange resin. 


Column 3 x150cm., tube volume 60 ml. Gradient elution from tube 240 using ammonium formate buffer. The 
shaded areas represent the tubes over which individual amino acids were spread. 1, Asp; 2, Thr; 3, Ser; 4, Glu; 
5, Pro; 6, Gly; 7, Ala; 8, Val; 9, Met; 10, Cys; 11, Tleu; 12, Leu; 13, Tyr; 14, Phe; 15, Lys; 16, His; 17, Arg. 
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Fig. 3. Fractionation on Zeo-Karb 225 WR 1-55 ion-exchange resin of a partial acid hydrolysate of radioactive 
B-lactoglobulin. Valine (peak 3) and lysine (peak 19) were the only radioactive amino acids present. The radioactive 
peptides are listed in Table 3. For positions of amino acids on a similar column see Fig. 2. Tube volume 60 ml. 
Column 3 x 150 cm. The shaded area below peak 32 represents a peak of unknown contour where 10 tubes were 


grouped. 
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accurate assay of radioactivity. As these were the 
most promising groups of tubes from C; (Table 1) it 
was clear that fractionation of C, on Dowex-50 x 12 
had not been effective and the remainder of the 
material was discarded. 


B-Lactoglobulin 


Goat milk (660 ml.) was collected 3hr. after 
injection of pu-valine (160yc, 112mg.) and DL- 
lysine (1100, 204 mg.) and diluted to 21. with 
milk collected immediately before injection. f- 
Lactoglobulin, isolated and crystallized by the 
method of Askonas (1954), was partially hydrolysed 
with acid (see Experimental). The partial hydro- 
lysate was fractionated by adsorption on charcoal 
and elution with acetic acid [L,] followed by a 
mixture of phenol and acetic acid [L,]. Since the 
casein experiments had shown that the phenol 
eluate was difficult to fractionate, L; was discarded. 

As the fractionation of casein hydrolysates on 
Dowex-50 x 12 was not entirely satisfactory, a new 
sulphonated polystyrene resin Zeo-Karb 225 WR 
1-55 with lower cross-linking (see Experimental) 
was used to fractionate the peptides in L,, gradient 
elution being carried out with aqueous ammonium 
formate buffer. Solvent and buffer were removed 
from the effluent in a multiple-sample evaporator 
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(Fig. 1) and the distribution of radioactivity was 
found to be as shown in Fig. 3. A complete hydro- 
lysate of B-lactoglobulin was also fractionated on 
this resin (Fig. 2). Since neither valine nor lysine is 
likely to be transformed in the animal into other 
amino acids, all the peaks of radioactivity shown in 
Fig. 3, except for two peaks due to free valine and 
free lysine, must be due to valine and lysine 
peptides. It is clear from these figures that 
fractionation on Zeo-Karb 225WR 1-55 was 
extremely effective. Samples of all the effluent 
fractions were also examined by single-dimension 
paper chromatography. Each effluent fraction 
gave a complex chromatographic pattern with from 
four to twelve components, but few components 
extended over more than five fractions. On the 
basis of these chromatograms it was estimated that 
L, was a mixture of at least 500 peptides. 
DNP-Peptides from B-lactaglobulin. The material 
fromeach radioactive peak (Fig. 2) was treated with 
fluorodinitrobenzene, and the resultant mixtures of 
DNP-peptides and DNP-amino acids were fraction- 
ated in the same way as the casein hydrolysate C,. 
The radioactive peptides isolated are listed in 
Table 3. Each peptide was hydrolysed and the 
radioactive amino acid isolated and assayed as the 
DNP-amino acid; results are given in Table 3. 





Table 3. Radioactivities of amino acids isolated from peptides of fraction L, and of amino acids 
isolated from a complete hydrolysate of B-lactoglobulin (cf. Fig. 3)] 


Radioactivity is expressed as in Table 2. Where no value for radioactivity is given the peptide was in too small yield 
for assay. The sequences of amino acids within squared brackets have not been determined. 


Peak no. 
Radioactive amino acid Peptides (Fig. 3) Radioactivity 
Valine Val.[Ala, Gly] 1 2190 
Val.[Ala, Leu] 4 2115 
Val.Glu 5 2100 
Val.[?] 6 2060 
Val. Leu 13 2155 
Lys.[Val, Ala] 21 1030 
Valine, complete hydrolysate — — 2124 
Valine (released during _ 3 2057 
partial hydrolysis) 
Lysine Asp.[Asp, Lys] 10 — 
Asp. Lys 14 2460 
Glu. Lys 17 2960 
Lys.[Val, Ala] 21 2620 
Thr. Lys 21 2480 
Lys. Gly 22 2120 
Pro. Lys 23 2100 
Lys. Pro 23 =< 
Ala. Lys 24 2480 
Leu. Lys 26 2080 
Pro.[Ala, Lys] 26 2215 
Pro.[{Met, Lys] 26 2220 
Phe. Lys 35 2290 
Lysine, complete hydrolysate _— — 2300 
et 19 2250 


Lysine (released during 
partial hydrolysis) 
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DISCUSSION 


Arterio-venous changes during lactation have been 
measured by various workers (cf. Kay, 1947). 
There seems to have been, as a result of this work, 
rather general agreement that the drop in free 
amino acid nitrogen across the mammary gland 
was insufficient to account for more than one-half 
of the total milk nitrogen. Graham, Peterson, 
Houchin & Turner (1938) and Reineke, Williamson 
& Turner (1941) produced evidence suggesting that 
peptides derived from plasma-protein globulin 
‘ could be used for milk-protein synthesis, but 
Folley (1949) pointed out the dangers of drawing 
conclusions from arterio-venous differences and 
suggested that the evidence was inconclusive. 

In the first paper of this series (Campbell & 
Work, 1952) we showed that, in lactating rabbits, 
plasma peptides must be of relatively minor im- 
portance compared to the free amino acids. The 
possibility remained, however, that certain peptide 
sequences were common to plasma proteins and to 
mik proteins so that plasma protein could be 
partially degraded in the mammary gland and the 
resultant peptides used immediately for synthesis 
of new milk protein. 

When a lactating goat is given a single intra- 
venous injection of radioactive amino acid, the 
milk protein collected between 2 and 4 hr. after the 
injection is about 50 times as active as plasma 
protein collected at the same time (Askonas e¢ al. 
1954a). Thus, if plasma protein were degraded to 
peptides and these peptides were used for milk 
protein synthesis together with free amino acids 
drawn from the blood, milk protein synthesized 
immediately after injection would have to contain 
some amino acids with the high radioactivity of the 
amino acid pool and some with the low radio- 
activity of the plasma. 

The results reported in this paper (Table 3) show 
that -lactoglobulin synthesized during 3 hr. 
following intravenous injection of [!4C]valine and 

. [“C]lysine is uniformly labelled. In other words, 
the valine and lysine used for lactoglobulin 
synthesis during this period have been drawn from 
the free amino acid pool and there is no evidence 
that any valine or lysine peptide produced by 
partial degradation of plasma protein was used for 
B-lactoglobulin synthesis. There is one valine 

,, peptide (Table 3) from £-lactoglobulin in which the 
radioactivity of the valine residue was significantly 
below that of the other peptides and lower than the 
mean value for valine from a complete hydrolysate. 
The radioactivity was, however, much higher than 
would be expected had this valine residue come 
from a plasma protein and we believe that this 

| low value is due to some experimental error, e.g. 
failure to obtain a completely pure valine. 


ne 
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The error in determination of radioactivity of 
lysine on a micro scale was rather large, probably 
because bis-DNP-lysine was difficult to purify, but 
all the lysine radioactivity values except one were 
within +15% of the value obtained on lysine 
isolated from a complete hydrolysate of £-lacto- 
globulin. The one exceptional value (Table 3) is 
only 30% higher than the mean value and we do 
not regard this as significant, having regard to the 
micro scale of the purification procedure and the 
impossibility of crystallizing to constant radio- 
activity. 

For casein, our evidence is not quite so extensive 
since fewer peptides were isolated from a partial 
hydrolysate (Table 2). One valine peptide from 
casein did appear to contain valine of significantly 
higher specific activity than the other valine 
residues but this again is probably due to a defect 
in the purification, which in this case had to be 
carried out on only 80yug. of DNP-valine. The 
difference observed was of the opposite sign (+) 
from what we should have expected had this 
peptide been produced by breakdown of plasma 
protein and used directly for milk-protein syn- 
thesis. We cannot be certain that there is no 
degradation of plasma protein in the mammary 
gland but if there is any such degradation it is 
probably complete. Our earlier results with 
lactating rabbits (Campbell & Work, 1952) indi- 
cated that such complete degradation of plasma 
protein to amino acids was quantitatively unim- 
portant as a source of milk nitrogen. We can only 
conclude that previous measurements of arterio- 
venous changes in lactating animals were mis- 
leading, and that casein and f-lactoglobulin are 
synthesized entirely from free amino acids. 

Our results have also wider implications with 
respect to the general problem of the mechanism of 
protein synthesis. The proteins of an animal may 
become radioactive after administration of radio- 
active amino acids by two general mechanisms (cf. 
Schoenheimer, Ratner & Rittenberg, 1939). In the 
first, the radioactive amino acid is incorporated into 
newly synthesized protein which is built up from 
free amino acids; in the second, an exchange 
mechanism is postulated whereby two peptide 
bonds in a polypeptide chain are labilized so that 
the amino acid held at this point is able to exchange 
with an identical amino acid from the medium. In 
this second mechanism, the incorporation of radio- 
active amino acid may not indicate net synthesis 
of protein. There is no conclusive evidence as to 
whether such an exchange does occur in the intact 
animal, but the work of Heidelberger, Treffers, 
Schoenheimer, Ratner & Rittenberg (1942) and of 
Humphrey & McFarlane (1954) on the stability of 
antibody globulin suggests that an exchange of 
this type does not take place between complete 
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protein and the amino acid pool. In these experi- 
ments, however, the antibody protein was present 
in the extracellular space and may have been 
excluded from the sites of protein synthesis. 
Further evidence is provided by Simpson & Velick 
(1954) and by Heimberg & Velick (1954), who gave 
a mixture of radioactive amino acids to rabbits and 
compared the activity of these amino acids in three 
muscle enzymes isolated at various times after 
injection. Although the amino acid compositions of 
these proteins differed, the ratios of radioactivities 
of the amino acids isolated from different proteins 
was the same. These results indicated, in agreement 
with our own, that protein had become radioactive 
by a process of net synthesis from free amino acids 
rather than by an exchange mechanism. 

Various authors have suggested that tissues 
contain pools of incomplete protein or ‘storage’ 
peptide which can be converted into specific 
proteins without degradation to amino acids. 
Steinberg & Anfinsen (1952) gave repeated in- 
jections of NaHCO, to laying hens over a period 
of 16 hr. and afterwards isolated radioactive oval- 
bumin from the oviduct. The distribution of radio- 
activity in the aspartic and glutamic acid residues 
of this protein was non-uniform and the results 
seemed to indicate the existence of an exchange 
mechanism of the type indicated above or the 
existence of substantial peptide pools available for 
protein synthesis. Before commencing the present 
investigation, we examined extracts of various cells 
for peptides but found only insignificant quantities 
of peptides other than glutathione. Christensen & 
Riggs (1953) have also sought for peptides in ovi- 
duct extracts but have failed to find significant 
quantities. 

The present results, demonstrating uniform 
labelling of milk proteins, are contrary to those 
obtained in vivo by Steinberg & Anfinsen and 
suggest that any intermediate peptides must be in 
rapid reversible equilibrium with the free amino 
acid pool. A similar conclusion was reached by 
Muir, Neuberger & Perrone (1952), who showed 
that after injection of [14C]valine the N-terminal 
valine of haemoglobin had the same specific activity 
as valine from the rest of the molecule. 

On the whole, then, the evidence obtained using 
intact animals favours the view that protein 
synthesis takes place through the amino acid pool, 
that any peptides formed during synthesis have 
a transitory existence and that exchange reactions 
between pre-existing protein and the amino acid 
pool play little, if any, part in the process. The 
uniformity of labelling of the milk proteins in the 
present experiments implies also that the time 
required to synthesize an individual protein mole- 
cule is short. Richardson & Folley (1954) calcu- 
lated the rates of synthesis of lactose and fats in the 
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mammary gland and arrived at a figure of the 
order of 4 x 10° molecules/cell/sec. It seems likely 
that casein and f-lactoglobulin molecules are syn- 
thesized from amino acids at similarly high speeds 
so that peptide intermediates will have extremely 
short half-lives. 

The results obtained with whole animals provide 
no direct evidence as to the nature of the inter- 
mediate steps in protein synthesis but results 
obtained in isolated tissues differ substantially 
from those already quoted, and suggest either that 
exchange between protein-bound amino acid and 
the amino acid pool can take place, or that there 
are appreciable quantities of intermediates not in 
equilibrium with the amino acid pool. Thus, for 
example, Steinberg & Anfinsen (1952) found, using 
oviduct minces, that incubation with radioactive 
amino acids resulted in non-uniform labelling of 
ovalbumin. More recently, Vaughan & Anfinsen 
(1954) have produced convincing evidence that | 
incubation of pancreatic slices with radioactive 
glycine results in non-uniform incorporation of 
radioactivity into the insulin present in the slices 
and that incubation of pancreas slices with radio- 
active phenylalanine similarly results in non- 
uniform labelling of ribonuclease. The conditions 
used were such that there was probably very little 
if any net increase in specific protein during the 
experiment and it may be that with this extremely 
limited synthesis the amount of peptide inter- 
mediate available in the tissue was sufficient to 
influence the distribution of radioactivity. It seems 
equally likely, however, that under some conditions 
an exchange reaction can take place between 
formed protein and the amino acid pool. Gale & 
Folkes (1953) have accumulated much evidence } 
that such an exchange mechanism can operate | 
when cells of Staphylococcus aureus are incubated in 
a medium containing radioactive glutamic acid but 
not permitting net increase in protein. Similarly, 
Rabinovitz, Olson & Greenberg (1954), in a study 
of the effect of analogues of phenylalanine on the 
incorporation of amino acids into Ehrlich ascites } 
cells, have shown that such exchange reactions are 
probable. 

The only conclusion that can be reached from all 
these investigations, including our own, is that 
there is still insufficient evidence to allow any firm 
conclusions to be drawn as to the nature of the 
intermediate steps in protein synthesis. The | 
apparent contradiction between experiments on 
whole animals and on isolated systems may well be 
due to the ability of cells to incorporate radioactive 
amino acids into protein by more than one 
mechanism. 

On the technical problem of the fractionation of 
a complex mixture of peptides, the present in- | 
vestigation illustrates the advantage of applying 
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a different physical method at each stage; in this 
case adsorption chromatography on charcoal 
followed by ion-exchange and partition methods. 
It is clear also that a lightly cross-linked sulpho- 
nated polystyrene resin gives better fractionation 
of peptides than a more highly cross-linked resin 
(cf. Dowmont & Fruton, 1952; Moore & Stein, 
1954). 


SUMMARY 


1. Methods have been developed for the isola- 
tion of peptides from partial acid hydrolysates of 
casein and f-lactoglobulin. 

2. Radioactive casein and f-lactoglobulin were 
obtained from milk collected 4 and 3hr. after 
injection of radioactive amino acids. 

3. Partial acid hydrolysis of these proteins and 
isolation of radioactive peptides permitted the 
determination of specific radioactivity of the same 
amino acid at different points in the protein chain. 

4, It was found that radioactivity was uniformly 
distributed within the protein molecule. 

5. The results indicate that casein and f-lacto- 
globulin are synthesized from the free amino acids 
of the blood and that peptides for milk protein 
synthesis are not supplied by partial hydrolysis of 
plasma protein. 

6. Intermediate peptides cannot be stored in the 
mammary gland in significant quantity. It is 
suggested that peptides as intermediates in protein 
synthesis have only transitory existence. 

7. An apparatus is described which simplifies the 
recovery of amino acids and peptides from ion- 
exchange column effluents. 


We wish to thank Mr J. Coote and Miss M. Smith for 
much careful assistance, and Dr 8. Moore for valuable 
advice. The Zeo-Karb resin was kindly made to our speci- 
fication by Dr Kressman of the Permutit Co., Gunnersbury 
Av., London, W. 4. 
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A Spectrophotometric Method for the Determination 
of Creatine Phosphokinase and Myokinase 


By I. T. OLIVER 
Department of Biochemistry, The University, Sheffield 


(Received 28 January 1955) 


In the past, methods for the assay of creatine 
phosphokinase have been based on the chemical 
determination of one or other of the products of 
the reaction: 


creatine + ATP =creatine phosphate + ADP, 


where ATP=adenosine triphosphate and ADP= 
adenosine diphosphate. The substances most 
commonly determined have been creatine or 
creatine phosphate; e.g. Banga (1943), Askonas 
(1951), Narayanaswami (1952), Ennor & Rosenberg 
(1954), Kuby, Noda & Lardy (1954) and Chappell & 
Perry (1954). These methods may not always be 
convenient for the determination of creatine phos- 
phokinase activity in tissue homogenates, since the 
amount of tissue used in reaction mixtures makes 
the introduction of significant amounts of endo- 
genous substances a distinct possibility. The method 
described here, although not more sensitive than 
the methods based on the colorimetric estimation 
of creatine, makes it possible to measure enzymic 
activities in tissue homogenates and extracts 
diluted 2000 to 20000 times, and to follow con- 
tinuously the time course of the reaction in a total 
volume of about 4ml. Under these conditions 
effects due to endogenous substances are negligible. 

The method is based on Kornberg’s assay pro- 
cedure for ATP (Kornberg, 1950), whereby the 
formation of ATP from ADP and creatine phos- 
phate is linked to the reduction of triphospho- 
pyridine nucleotide (TPN). When the rate-limiting 
step in the reaction sequence is that catalysed 
by creatine phosphokinase, spectrophotometric 
measurement of the rate of reduction of TPN gives 
the rate of ATP formation, and thus the activity of 
the enzyme. 

The method has also been applied to the deter- 
mination of myokinase activity by measuring the 
rate of formation of ATP from ADP. The methods 
for the assay of myokinase due to Kalckar (1943, 
1947) are laborious. The most sensitive method is 
probably that based on the firefly luminescence 
system for the estimation of ATP (Strehler & 
Totter, 1952), but is not convenient for general use. 
The coupled activities of myokinase and creatine 
phosphokinase have been used by Chappell & 
Perry (1954) to assay myokinase. The present 


method has the advantage of convenience over 
most of the older methods. The reactions are 
followed continuously in the spectrophotometer, 
and the rates catalysed by small amounts of tissue 
can be measured with ease. 

An outline of the method has been given else- 
where (Oliver, 1954). Complete experimental 
details are included here. 


EXPERIMENTAL 


Materials and methods 


Adenosine triphosphate. ATP was prepared by the 
method of LePage (1949); the chromatographic procedure 
described by Krebs & Hems (1953) showed that more thai 
90% of the phosphate was present in the form of ATP. 

Adenosine diphosphate. ADP was obtained from 
Schwartz Laboratories Inc. and contained less than 1% of 
ATP when assayed by the chromatographic procedures 
above, or enzymic procedures based on those of Kornberg 
(1950). 

Adenylic acid (AMP). This was obtained from Roche 
Products Ltd. Solutions of AMP were brought to pH 7-0 
with NaOH before use. 

Sodium creatine phosphate hexahydrate. This was syn- 
thesized from creatine by the method of Ennor & Stocken 
(1948). 

Glucose 6-phosphate. This was a gift from Dr T. H. Wilson, 
Walter Reed Army Medical Center, Washington 12, D.C. 

6-Phosphogluconic acid. This was prepared by bromine 
oxidation of glucose 6-phosphate according to Seigmiller & 
Horecker (1951). Chromatographic procedures (Oliver, 
unpublished experiments) showed that the preparation was 
free of glucose 6-phosphate. 

Triphosphopyridine nucleotide (TPN). This was prepared 
by Mr D. H. Williamson after Horecker (private communi- 
cation). Preparations containing 65-90% TPN were pre- 
pared by gradient elution from Dowex-1 resin and con- 
tained no diphosphopyridine nucleotide (DPN) or adenylic 
acid (AMP), since these substances were eluted from the 
column at an earlier stage. Crude preparations, in which 
the major impurity was AMP, contained about 10% TPN 
and 25% DPN. 

Hexokinase and glucose 6-phosphate dehydrogenase. These 
were obtained together in a crude preparation of yeast 
hexokinase similar to that described by Slater (1953). The 
activity of glucose 6-phosphate dehydrogenase in the pre- 
paration was increased by taking the protein fraction pre- 
cipitated from aqueous extracts of baker’s yeast by 50- 
75% saturation with ammonium sulphate. After dialysis 
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to remove ammonium sulphate, it has been found con- 
venient to freeze-dry the enzyme preparation, and to store 
it in the refrigerator. 

tlucose 6-phosphate dehydrogenase activity. This was 
assayed by following the rate of reduction of TPN in the 
spectrophotometer at 340 mp. when glucose 6-phosphate 
was added to a reaction mixture consisting of 0-05m 
barbitone buffer pH 8-6, 0-01mM-MgCl,, 0-1m-KCl, 10-4m 
TPN, and the yeast preparation which had previously 
been incubated until the optical density became steady. 

Hexokinase activity. This could not be determined 
quantitatively in such a system, since hexokinase is more 
active than glucose 6-phosphate dehydrogenase in the 
yeast preparation. Activities less than maximum were 
measured by following the rate of reduction of TPN in the 
spectrophotometer at 340 mu. when ATP (final concentra- 
tion 0-001 m) was added to a reaction mixture containing 
005m barbitone buffer pH 8-6, 0-01m-MgCl,, 0-1m-KCl, 
0-0lm glucose, 10-*m TPN, and the yeast preparation 
which had previously been incubated until the optical 
density became steady. 

Spectrophotometer. A Unicam spectrophotometer model 
SP 500 was used for the determination of optical density at 
340 mu. Cuvettes (lcm.) were used and readings were 
made against a blank of barbitone buffer. The temperature 
of the cuvettes was controlled by a water-jacketed cell 
compartment made by Mr G. Fletcher according to 
Campbell & Simpson (1953). 

Syringe. An Agla micrometer syringe (Burroughs 
Wellcome and Co.), fitted with an elongated glass tip bent 
through a right angle, was used to deliver volumes up to 
50 ul. of the muscle homogenates to the reaction cuvettes. 

Muscle homogenates, These were prepared from the hind- 
leg muscles of male albino rats immediately after killing by 
a blow on-the head. The muscle was minced in a cold 
mincer, a sample weighed and then treated for 3 min. in a 
chilled Waring Blendor (micro cup) with 6 vol. of ice-cold 
0-Im-KCl. The homogenates were strained through gauze 
to remove coarse particles and ligaments and stored at 0° 
until required. For assay, samples were diluted tenfold 
with ice-cold 0-1m-KCl immediately before use. If it was 
necessary to retain a preparation overnight, it was stored 
at — 15°. 

Buffer system. In using barbitone buffer at pH 8-6 we 
have followed the work of Banga (1943). At this pH 
hexokinase is stable and of high activity. 


Principle of the method 


Use is made of the assay procedure for ATP (Kornberg, 
1950) in which ATP reacts with glucose in the presence of 
Mg*+ and hexokinase, forming glucose 6-phosphate (Eqn. 1), 
which is then oxidized by glucose 6-phosphate dehydro- 
genase with simultaneous reduction of TPN (Eqn. 2). 


Glucose + ATP->glucose 6-phosphate + ADP, (1) 


glucose 6-phosphate + TPN->6-phosphogluconic 


acid +TPNH,. (2) 


The rate of reduction of TPN is measured by observing the 
rate of change of optical density in the spectrophotometer 
at 340 mp. (Fig. 1). Although the yeast preparation 


containing the hexokinase and glucose 6-phosphate de- 
hydrogenase is very impure, it is free from several enzymes 
whose presence would be disadvantageous. Fig. 2 shows 
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that two of such enzymes, glucose dehydrogenase and 6- 
phosphogluconic acid dehydrogenase, are completely 
absent. The system is completely specific for TPN, and it 
is therefore unnecessary, except where other considerations 
arise, to use purified preparations of TPN. In practice 
crude preparations containing about 10% of TPN and 
25% of DPN have often been used in these studies. 


Optical density at 340my. 
° ° 
seers £3 


o 
Oo 


5 10 


t t + 
1 2 3 


Fig. 1. Hexokinase and glucose 6-phosphate dehyd 0- 
genase in yeast enzyme preparation. At zero time both 
reaction mixtures consist of 0-05m barbitone butfer 
pH 8-6, 0-01 m-MgCl,, 0-1mM-KCl and 10-*m TPN (final 
concentrations). At time (1), 0-1 ml. of ‘coupling 
enzyme’ containing 1 mg. dry wt. was added to both 
mixtures I and II with stirring. At time (2), 0-2 ml. of 
0-5Mm glucose added to both, with stirring, bringing final 
concentration to 0-02m. At time (3), 0-1 ml. of 0-02m 
glucose 6-phosphate added to I, and 0-1 ml. of 0-02m 
ATP added to II with stirring. Final concentrations of 
these two substrates was 0-001 m. 


15 
Time (min.) 


20 


In these coupled reactions, in order that the final rate of 
reduction of TPN shall be equal to the rate of formation of 
ATP, the activities of hexokinase and glucose 6-phosphate 
dehydrogenase must be in excess of the activity of the 
ATP-forming reaction, i.e. the latter reaction must be the 
rate-determining step. This situation can be arranged by 
trial. Reaction mixtures containing buffer, TPN, glucose, 
ADP, creatine phosphate and increasing amounts of the 
‘coupling enzyme’ (yeast preparation containing hexo- 
kinase and glucose 6-phosphate dehydrogenase) were used 
to measure the rate of ATP formation catalysed by a 
constant amount of a highly diluted muscle homogenate. 
Under these conditions, ATP formed by creatine phospho- 
kinase and myokinase is detected. The first level of addition 
to give a maximum rate was used in subsequent quanti- 
tative experiments. In our experiments 4 mg. of the dried 
preparation of the ‘coupling enzyme’ gave quantitative 
assay of creatine phosphokinase or myokinase activity in 
0-20 yl. of a muscle homogenate of dilution one part in 60, 
i.e. 0-0-33 mg. wet weight of muscle. Under these condi- 
tions the activity of an enzyme which catalyses the forma- 
tion of ATP is taken as shown by the initial steady rate of 
reduction of TPN, which can be obtained graphically from 
the rate curves of optical density versus time. Using the 
extinction coefficients for reduced TPN given by Horecker 
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& Kornberg (1948), i.e. 6-22 x 10° cm.?/mole, activities can 
be expressed in terms of micro-moles of ATP formed per 
unit time, since each molecule of ATP formed gives rise to 
one molecule of reduced TPN. This relation holds only if 
the enzyme preparation is free of 6-phosphogluconic acid 
dehydrogenase, and glucose 6-phosphate is the only sub- 
stance effective for the reduction of TPN. Our system has 
been tested in this respect. 


Optical density at 340 mp. 
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Fig. 2. Yeast enzyme preparation. At zero time reaction 
mixtures consist of 0-05m barbitone buffer pH 8-6, 
0-01 mM-MgCi, and 0-1mM-KCl. Mixture I contains 10-*m 
DPN and II contains 10-*m TPN. At time (1), 0-1 ml. 
of ‘coupling enzyme’ added to both with stirring. At 
time (2), 0-2 ml. of 0-5m glucose added to both with 
stirring. At time (3), 0-1 ml. of 0-02m glucose 6-phos- 
phate added to I, and 0-1 ml. of 0-02 6-phosphogluconic 
acid added to II with stirring. The DPN contained no 
TPN. 





In all experiments it was found necessary to incubate the 
‘coupling enzyme’ with the substrates for about 5 min. 
before starting the reaction to be studied. During this 
preliminary incubation some reduction of TPN takes place 
{see Fig. 1) which is allowed to come to completion before 
the required reaction is started. This effect is due to traces 
of ATP or glucose 6-phosphate in the reagents, and also to 
a substrate in the yeast preparation which has not been 
fully identified. 


RESULTS 


Measurement of creatine phosphokinase activity 


The work for which this assay procedure has been 
developed has been concerned with enzymic 
activities in homogenates or tissue extracts. 
Accordingly, the isolation of a single phosphate 
transfer reaction for study has been one of the 
problems. The reaction catalysed by creatine 
phosphokinase (Eqn. 3) can be measured in terms of 
the production of ATP, but in tissue homogenates 
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ATP will also arise from ADP by the activity of 
myokinase (Eqn. 4). 


Creatine phosphate + ADP =creatine+ ATP, (3) 
2ADP=ATP+ AMP. (4) 


This effect has been overcome by adding excess of 
AMP to the reaction mixture. In Fig. 3 is seen the 
effect of AMP on the rate of reduction of TPN in 
a reaction mixture containing TPN, the ‘coupling 
enzyme’, glucose, ADP and a muscle homogenate. 
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Fig. 3. Effect of AMP on myokinase. At zero time reac- 
tion mixtures consist of 0-05m barbitone buffer pH 8-6, 
0-01mM-MgCl,, 0-I1m-KCl, 0-001m ADP, 0-02m glucose 
and 10-*m TPN. Mixture I contains in addition, 0-01™ 
AMP. At time (1), 0-4 ml. of ‘coupling enzyme’ (con- 
taining 4 mg. dry wt.) was added to both with stirring. 
At time (2), 10 yl. of a muscle homogenate diluted 1 in 
60 with 0-1mM-KCl were added to both with stirring. At 
time (3), 0-2 ml. of 0-2m AMP was added to II, bringing 
final concentration to 0-01 m. 


When the concentration of AMP is ten times that 
of ADP, the myokinase activity is completely 
inhibited. This makes it possible to distinguish 
between the ATP-forming reactions of creatine 
phosphokinase and myokinase. The measurement 
of creatine phosphokinase activity in the presence 
of myokinase then becomes possible. In practice, 
a control from which residual myokinase activity 
can be determined is always included in assays 
of creatine phosphokinase. The control contains, 
besides TPN, glucose and the ‘coupling enzyme’, 
only AMP and ADP in the ratio of 10 to 1 (see 
Fig. 4). Errors caused by myokinase activity under 
the conditions of assay for creatine phosphokinase 
can thus be evaluated, but in fact these are rarely 
significant. 

The effect of high concentrations of AMP on the 
activity of creatine phosphokinase was tested. In 
experiments in which the ADP concentration 
remained constant at 0-001mM and the AMP con- 
centration was increased from 0-0025 to 0-015M, the 
activity of creatine phosphokinase did not change 
appreciably until the highest concentration of AMP 
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Fig. 4. Determination of creatine phosphokinase. At zero 
time the reaction mixtures consist of 0-05m barbitone 
buffer pH 8-6, 0-01mM-MgCl,, 0-1m-KCl, 0-02 glucose, 
0-001m ADP, 0-01m AMP and 10-‘m TPN. Mixture II 
contains also creatine phosphate, 0-0lm. At time (1), 
0-4 ml. of ‘coupling enzyme’ (containing 4 mg. dry wt.) 
is added to both mixtures. At time (2), 10 yl. of a muscle 
homogenate diluted 1 in 60 with 0-1M-KCl are added to 
both I and II with mixing. Curve I is the control from 
which residual myokinase activity can be determined. 
The tangent to the linear portion of Curve II gives the 
rate of optical density change which is proportional to 

~ the ratio of reduction of TPN. This allows the evaluation 
f of the rate of ATP formation, which is defined as the 
} activity of the enzyme. 


Table 1. Hffect of AMP on activity 
of creatine phosphokinase 


Reaction mixture consists of ‘coupling enzyme’ in 

/ 005m barbitone buffer pH 8-6, 0-01M-MgCl,, 0-1m-KCl, 

002m glucose, 0-001m ADP, 0-01m creatine phosphate, 

10-*m TPN, and 10yl. of muscle homogenate containing 
about 20 mg. wet wt./ml. 


t 


Activity of creatine phosphokinase 


Conen. of (umoles ATP/hr./mg. wet wt.) 
AMP —_a4"—_ 
(mm) (i) (ii) (iii) 

2-5 4:85 — 
5-0 5-17 6-20 2°75 
10 _— 6-00 2-64 
15 — 5-18 2-55 





Table 2. Effect of creatine phosphate on 
activity of creatine phosphokinase 
5 
Reaction mixture otherwise as in Table 1. AMP 0-01M. 


Activity of creatine 


Conen. of phosphokinase 
creatine phosphate (moles ATP/hr./mg. 
(mm) wet wt.) 

10 7-55 
20 7-55 
30 7-61 
40 7-90 
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Table 3. Effect of ADP on activity of 
creatine phosphokinase 


Reaction mixture otherwise as in Table 1. AMP 0-01. 
Activity of creatine phosphokinase 
(umoles ATP/hr./mg. wet wt.) 
: os 
(i) (ii) (iii) 
8-25 5-38 5-80 
1-0 9-90 5-44 
2-0 8-72 4-40 


Conen. of 
ADP 
(mm) 


0-5 
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Activity of creatine phosphokinase (umoles ATP/hr.) | 


Fig. 5. Concentration of creatine phosphokinase and 
activity. The data were obtained from measurements 
of the linear rate of reduction of TPN, catalysed by 
increasing amounts of muscle homogenate. Reaction 
mixtures as in Fig. 1 with the addition of 0-01m AMP, 
001m creatine phosphate, 0-001mM ADP and 0-02m 
glucose. Activity expressed as ymoles ATP produced/hr. 


was reached, when a slight decrease in activity was 
seen. Accordingly the highest concentration of 
AMP used was 0-01 (see Table 1). 

When the concentration of creatine phosphate 
was raised through the range 0-01—0-04m in four 
steps, only a small increase in activity could be 
measured, and the concentration usually used, in 
order to minimize the amount of creatine phosphate 
required, was therefore 0-01™m (see Table 2). 

When the concentration of ADP was varied from 
0-0005 to 0-002m no consistent increase in the 
activity of creatine phosphokinase in a muscle 
homogenate could be measured, and the usual 
concentration of ADP in the system was 0-001m 
(see Table 3). 

The above concentrations of ADP, AMP and 
creatine phosphate were used in experiments to 
establish the validity of the assay method. In 


Fig. 5 the activity of creatine phosphokinase in a 
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muscle homogenate is plotted against the relative 
concentration of the enzyme. The activities calcu- 
lated from the initial steady rate of reduction of 
TPN (see Fig. 4) are directly proportional to 
relative concentration. In a further experiment the 
activity of creatine phosphokinase was determined 
in two identical samples of a muscle homogenate 
by the spectrophotometric method, and an inde- 
pendent method previously used in this laboratory. 
This method depends on the analysis of creatine 
phosphate in a reaction mixture after its separation 
on a paper chromatogram. An alkaline solvent 
described by Hanes & Isherwood (1949) consisting 
of a mixture of n-propanol, concentrated ammonia 
and ethylenediaminetetraacetic acid, has been used 
by the author for the separation of creatine phos- 
phate from adenosine phosphates, inorganic 
phosphate, triose and hexose phosphates in tissue 
extracts. This technique is easily applicable to 
enzyme reaction mixtures after deproteinization 
with trichloroacetic acid and neutralization of the 
extracts, and in this way creatine phosphate was 
isolated for analysis from a reaction mixture similar 
to those used in the other method. The rate of 
breakdown of creatine phosphate determined by 
phosphate analysis on spots cut from the chromato- 
gram according to Eggleston & Hems (1952) then 
gave the activity of creatine phosphokinase. This 
method is very much less sensitive than the 
spectrophotometric method and in order to adjust 
conditions so that the decomposition of creatine 
phosphate could be detected analytically, the 
‘coupling enzyme’ was added to the reaction 
mixture together with glucose. This has the effect 
of maintaining the starting concentration of ADP, 
which in turn extends the time of breakdown of 
creatine phosphate and also the degree of decom- 
position. It is then possible to follow the reaction, 
using concentrations of ADP and creatine phos- 
phate identical with those in the spectrophotometric 
system. Results of a typical experiment gave the 
activity of creatine phosphokinase at 25° to be 2-85 
by the spectrophotometric method and 2-33 by the 
analytical procedure (umoles ATP formed/hr./mg. 
wet weight of muscle). Since the analytical pro- 
cedure is less accurate than the spectrophotometric 
method, these values represent fair agreement. 


Measurement of myokinase activity 
The reaction catalysed by myokinase 
2ADP =ATP+AMP 


gives rise to ATP, and the activity of this enzyme 
can thus be measured by a method similar to that 
described for creatine phosphokinase. When the 
formation of ATP is linked to the reduction of TPN 
in the presence of glucose, hexokinase and glucose 
6-phosphate dehydrogenase, the reaction proceeds 
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to the right, and since each molecule of ATP gives 
rise to one molecule of reduced TPN and one mole- 
cule of ADP, the activity can be calculated. 

In this system purified TPN was used, since the 
impure samples of TPN contained adenylic acid as 
a major impurity. This AMP may inhibit the ATP- 
forming reaction and so give rise to spuriously low 
values for activity. Accordingly, in a system 
similar to that used for the assay of creatine 
phosphokinase, purified TPN, the ‘coupling 
enzyme’, glucose and ADP form the reaction 
mixture necessary to assay myokinase activity. 
Working in such a system, with the ‘coupling 
enzyme’ added in excess, the effect of ADP con- 
centration on the activity of myokinase in a muscle 
homogenate was studied. Raising the concentra- 
tion of ADP from 0-001 to 0-004m did not increase 
the activity measured and in fact a slight decrease 
was noticed (see Table 4). Accordingly, all assays 


Table 4. Effect of ADP on activity of myokinase 


No AMP or creatine phosphate. Reaction a 


otherwise as in Table 1. 


Activity of myokinase 
(umoles ATP/hr./mg 


wet wt.) 
9-03 
8-60 
8-12 
e 


Conen. of ADP 
(ma) 
1-0 
2-0 
3-0 


a 
° 


Pn) 
oS 


Activity of myokinase (umoles ATP/hr.) 
> 
° 


0 5 10 15 
Volume of muscle homogenate (jI.) 


Fig. 6. Concentration of myokinase and activity. The data 
were obtained from measurements of the linear rate of 
reduction of TPN catalysed by increasing amounts of 
muscle homogenate. Reaction mixtures as in Fig. 1 with 
the addition of 0-001m ADP and 0-02m glucose. Activity 
expressed as ymoles ATP produced/hr. 
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were carried out at a concentration of 0-001mM ADP. 
At 0-001m ADP assays of myokinase in different 
amounts of the same muscle homogenate gave a 
straight line when plotted against relative concen- 
tration of enzyme (see Fig. 6). 


Application to the assay of enzyme in tissue 


The method has been applied to the assay of 
enzymic activities in various tissues of the rat. 
With skeletal muscle and heart muscle the 
activities were determined in 10—20yl. of homo- 
genates diluted one part in 60. The homogenates of 
heart muscle in 0-1M-KCl were prepared by grinding 
the heart with sand in a chilled mortar. Assays on 
brain, kidney, liver and spleen were obtained with 
extracts since the diluted homogenates were too 
opaque. The tissue was homogenized in 6 vol. of 
ice-cold 0-1mM-KCl, centrifuged, and the tissue 
debris re-extracted twice with 3 vol. of saline. The 
combined supernatants were clarified by centri- 
fuging in the cold at 19 000 g, and activities deter- 
mined by the usual methods. Further extraction of 
the tissue residue yielded insignificant amounts of 
enzyme (less than 5% of the total activity ob- 
tained by the above procedure). 
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DISCUSSION 


In this work the average time taken for a single 
assay once the necessary reagents are to hand is 
about 20 min. In the course of a routine working 
day, assays of creatine phosphokinase and myo- 
kinase can be carried out on all the principal 
tissues of a single experimental animal. 

The sensitivity of the spectrophotometric 
method enables the use of highly diluted homo- 
genates and tissue extracts, and in this way re- 
actions can be studied free of interfering effects 
resulting from the introduction of unknown 
amounts and kinds of endogenous_ substances. 
Very smal-amounts of AfP or ADP can function 
catalytically in promoting decomposition of crea- 
tine phosphate when AMP is added to systems 
containing creatine phosphokinase and myokinase 
(see Ennor & Rosenberg, 1954)The occurrence of 
small amounts of ADP in tissue preparations as 
used by Narayanaswami (1952) probably accounts 
for the results obtained by this author, who 
observed creatine phosphate decomposition in 
brain homogenates in the presence of AMP as the 
sole added acceptor. However, using the present 


Table 5. Activities of creatine phosphokinase and myokinase in rat tissues 


Results stated in pmoles ATP/hr./mg. wet wt. Temperature 30°. pH 8-6. 


Creatine phosphokinase 


A 





, 
Tissue Rat 1 Rat 2 
Skeletal muscle 14-9 18-0 
Heart muscle 2-38 2-95 
Brain 0-96 1-36 
Kidney 0-16 0-01 
Liver 0-02 — 
2-10 1-42 


Spleen 


Table 5 presents the results of two typical assays 
on various tissues of the rat. Tissues were obtained 
from a single animal immediately after killing by a 
blow on the neck. 

The effect of cysteine on the activity of creatine 
phosphokinase in tissue homogenates and extracts 
was also measured (see also Chappell & Perry, 
1954). At a concentration of 0-01m cysteine, the 
activity of creatine phosphokinase is about double 
that measured in its absence (Table 5). In tissue 
preparations aged 24-48 hr. at 0°, the activity in 
the presence of cysteine is about the same as that 
in the fresh preparations, but the activity in the 
absence of cysteine is lowered 10-20% by ageing. 

No effect of cysteine on the activity of myo- 
kinase in tissue preparations could be demon- 
strated. 


Y 
Rat 3 
ooo Myokinase 
No 0-01lm 5 
cysteine cysteine Rat 1 Rat 2 
12-1 26-0 18-6 23°3 
3-50 7-01 5-90 7-40 
0-87 1-62 1-88 2-03 
—_ — 1-22 1-68 
0-06 0-07 0-38 0-93 
0-14 0-22 1-80 5-36 


method, it has been shown (Oliver, 1954) that there 
is no reaction between creatine phosphate and 
AMP in muscle homogenates or brain extracts 
which were highly diluted, and that reaction oc- 
curred only when ADP was added. 

In the determination of creatine phosphokinase 
activity by the present method the reactions are 
such that the concentration of ADP, although 
small, is maintained approximately constant over 
the time required for the assay. In the assay of 
myokinase, the ADP concentration falls by less than 
10 % over the whole of the reaction curve. This does 
not appear to affect the evaluation of reaction 
velocities since these curves are usually linear for 
the first 3-5 min. after mixing, giving between 
six and ten points on which to calculate the 
velocity. 
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A disadvantage of the method is connected with 
the activity of ATPase in tissue homogenates. If 
the activity of this enzyme is high compared with 
the ATP-forming enzyme, then the ATP cannot be 
coupled to the reduction of TPN. The extent to 
which the activity of the ‘coupling enzyme’ can be 
raised is limited, and so successful competition 
between the ‘coupling enzyme’ and the ATPase 
cannot always be arranged. If too much ‘coupling 
enzyme’ is added, then the reduction of TPN due 
to an unidentified substance in the preparation 
makes the optical density too high to be measured 
with the accuracy required for the determination 
of reaction velocities. For this reason it has been 
found advantageous to reduce the ATPase activity 
of some tissues, e.g. brain (see also Oliver, 1954), 
liver, kidney and spleen. If the tissues are homo- 
genized in 0-1mM-KCl and centrifuged at 19000 g for 
15 min., then much of the ATPase is removed. 

The rates of reaction catalysed by 0-1—0-5 mg. 
wet weight of muscle are usually measured in 
routine work, while for other tissues ten times this 
amount, i.e. about 5mg., can be satisfactorily 
assayed. The use of such a method for those inter- 
ested in studies where only small amounts of tissue 
are available can be appreciated. 





SUMMARY 


1. A rapid spectrophotometric method has been 
developed for the assay of creatine phosphokinase 
and myokinase in tissue extracts and homogenates. 
The formation of ATP by these enzymes is coupled 
to the reduction of TPN and the rate of reduction 
gives a measure of the activities. 

2. The sensitivity of the method enables the 
determination of enzymic activities in tissue pre- 
parations diluted as much as one part in 20000 
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corresponding to a quantity of tissue of about 
300 ug. wet weight. Under these conditions re- 
actions due to endogenous substances are negligible. 

3. The method has been applied to the measure- 
ment of creatine phosphokinase and myokinase in 
various tissues of the rat. 


The author wishes to thank Professor H. A. Krebs, 
F.R.S., for encouragement and advice, and Mr A. E. 
Nicholson for technical assistance. 
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Peroxidatic Activity of Catalase 
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The peroxidatic function of catalase consists in its 
ability to catalyse the oxidation by hydrogen 
peroxide of different substances, such as alcohols 
(Keilin & Hartree, 1936, 19455), nitrite (Heppel & 
Porterfield, 1949), and formate (Chance, 1948). 
This property was first revealed in experiments 
(Keilin & Hartree, 1936) in which the peroxide was 
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produced as the result of a primary enzymic 
reaction, as for example the oxidation of hypo- 
xanthine by xanthine oxidase. When this reaction 
was allowed to take place in the presence of catalase 
and ethanol, the latter underwent oxidation to 
aldehyde. Attempts to obtain peroxidatic oxidation 
of ethanol by preformed free H,O, in presence of 
catalase were at first unsuccessful (Keilin & 
Hartree, 1936). Later on, however, very small 
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yields of peroxidatic oxidation were obtained, 
when H,O, was added to ethanol and catalase by 
volatilization or in the form of a fine mist produced 
by an atomizer (Keilin & Hartree, 19456) or by 
diffusion from the open end of a fine capillary 
(Anan, 1951). There was, however, a marked 
difference in the degree of peroxidatic oxidation by 


' enzymically produced peroxide and by a solution of 


—~ 


on 


free H,O,. Whereas in the coupled oxidation of 
ethanol almost all the H,O, formed in the primary 
reaction is used for the secondary oxidation 
process, thereby oxidizing an equivalent amount of 
ethanol, in the oxidation of ethanol by a solution of 
H,O, and catalase only a small fraction of H,O,, at 
best a few per cent, is utilized for this purpose, the 
main portion being decomposed catalatically. 

The method used in these experiments involves 
the introduction of peroxide into a catalase-con- 
taining buffer solution by dialysis and allows the 
peroxide to be added in known amounts and at 
predetermined rates. The dialysed H,O, is in- 
stantaneously decomposed catalatically, the O, 
evolved being determined manometrically. How- 
ever, in presence of ethanol the catalatic decompo- 
sition of diffused H,O, is depressed in favour of 
peroxidatic oxidation of the added ethanol. A 
preliminary report of these experiments has 
previously been given (Laser, 1954a, b). 


METHODS 

The manometer vessel (Fig. 1). This consists of an upper 
part A and a lower part B which at their open circum- 
ference are drawn out into strong flanges C accurately 
ground into plane surfaces. Between these flanges lies the 
cellophan membrane D. Part B of the vessel is, at its lower 
end, provided with a tap H (similar to that introduced by 
Dixon & Keilin (1933) in their method for the determina- 
tion of the respiratory quotient) which communicates with 
the outside through e. The key F of this tap, which is 
secured in its barrel by a rubber ring (Fig. 2, R) resting in 
the groove H, is hollow and in the submerged vessel is 
filled with water which enters through the open ends of its 
handle (f, and f,), whereby temperature equilibration of the 
vessel contents is facilitated. The handle of the key is 


| asymmetric, J, being longer than /, ; thus f, corresponds to 


the position of the cavity G in the assembled vessel, an 
arrangement which facilitates orientation and manipula- 
tion of the key F during the experimental period. The 
cavity G receives the peroxide to be dialysed, which is 
released into the lower part of the vessel at =0 by turning 
the handle so as to connect @ with B. A length of glass rod 
J is included in the lower part of the vessel. Its dimensions 


| are such that it will easily slide into the cavity G at t=0, 


thus displacing the peroxide, releasing it into B and thereby 
establishing a known initial H,O, concentration in B at 
t=0. The cavity G holds about 0-5 ml. while the capacity of 
the lower part B is about 8 ml. The upper part A has been 
made in two sizes (8 and 15 ml.) which can alternatively be 
used on the same lower part according to the requirements 
of the experiment. The upper joint of the vessel & is a 


| standard size. 
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Manipulation. Apiezon M (Edwards and Co.) has been 
used for greasing the flanges and the key (Fig. 1, C and F) 
at a bath temperature of 38°. At lower temperatures a 
softer grease is required for the key F only. Cellophan 
squares, approximately 80 x 80 mm., are soaked in water 
before assembling the vessels, in order to prevent subse- 
quent shrivelling of the membrane on contact with liquid. 





H e G fr 


Fig. 1. Dialysis vessel. A, upper part; B, lower part; C, 
plane-parallel flanges; D, cellophan membrane; £, 
barrel of tap communicating through e with the outside; 
F, key to barrel E; G, cavity for receiving substrate to be 
dialysed; H, groove for positioning rubber ring (see 
Fig. 2); f,; and f, asymmetric handle of F (f, correspond- 
ing to position of G); J, glass-rod; k, standard joint; 
1, side-bulb outlet. 





A cellophan square is then dried between filter paper, and 
the lower part of the vessel, without the key F, is pressed 
on to the membrane—the grease on its flange having been 
warmed over a microburner—and, with the membrane 
adhering to it, at once transferred to a flat glass plate 
covered with smooth black paper. By applying a down- 
ward pressure combined with a slight lateral movement, 
the seal between the membrane and the flange is effected 
which, viewed against the black background, should be 
shiny and free from enclosed air bubbles. The protruding 
parts of the membrane are then turned over on to the 
vessel, whereby the membrane is retained in an evenly 
stretched position. Next, the greased and warmed flange 
of the upper part A is pressed into position opposite the 
lower part, the correct seal being effected when both 
flanges appear transparent without streaks. The two parts 
are secured against each other by rubber bands or metal 
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springs (Fig. 2, S) stretched between three sets of hooks. 
This ensures a firm fastening of the two parts against each 
other which has been proved to stand up to any mano- 
metric pressure likely to be developed. 

The vessel is next inverted and put in a vertical position 
on to a greased standard manometer joint (suitably held in 
a clamp), which has a sealed-off capillary. The lower part B 
is now uppermost. Next, the side bulb is closed by in- 
serting its greased stopper into L. In this way air is en- 
closed under a slight pressure in A, which prevents the 
cellophan membrane from sagging when B is filled with 


HR F 





Fig. 2. Details of assembled vessel. R, rubber ring for 
securing key F in barrel Z; S, metal spring fastening 
upper and lower parts against each other; 7’, rubber 
tubing protecting the flanges. 


liquid and obviates any correction for the calibrated 
volumes of parts A and B (see later under ‘Calibration’). 
The glass rod J is then introduced through the open tap E 
into B, where it rests on the membrane. B is next com- 
pletely filled with the required buffer solution by means of 
a pipette or burette, i.e. up to the junction of B with the 
barrel ZH. A small amount of liquid (about 0-4 ml.) is 
withdrawn again by means of a calibrated pipette and the 
greased and slightly warmed key F immediately inserted in 
such a way that the cavity G communicates with the out- 
side through e. By withdrawing some liquid from B a 
corresponding air bubble is enclosed, which rises up to the 
cellophan membrane when the vessel is reversed into its 
proper position. Movement of this bubble mixes the liquid 
in B during the experiment, and is essential for maintaining 
a steady rate of dialysis. The actual size of the air bubble is 
not critical. The cavity G is next filled with H,O, solution of 
the required strength, by pipetting an amount of H,O, 
slightly in excess of G into e, and the key F turned through 
90°, whereby G is separated from both the outside and the 
lower part of the vessel. The vessel is then again reversed 
(whereby the enclosed air bubble rises up to the membrane 
while the glass rod J slides down into the position shown in 
Fig. 1) and held in the upright position by securing the 
outlet e in a suitably perforated rubber bung. Lastly 
1-0 ml. enzyme solution (dilute catalase) is pipetted on top 
of the membrane into A. The vessel is then ready to be 
connected to the manometer. Four vessels can be assembled 
for one experiment. In the present study differential 


manometers have been used, the compensating vessels 
being ordinary vessels of about the size of part A or 
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smaller. If the experiment requires a special gas or gas 
mixture this is introduced as in any ordinary manometer, 
In that case, however, the liquid to be filled into B has to be 
equilibrated with the gas in question before it is pipetted 
into B. It is also possible to replace the air bubble, which is 
included in B, by a bubble of the required gas. This is done 
by passing a strong stream of the gas through the open 
barrel Z at the same time as inserting the key F. 

Calibration. The different components of the vessel 
(A, B and G@) are separately calibrated with mercury. For 
this purpose the cellophan membrane is replaced by a rigid 
partition. The upper part A is calibrated according to the 
method of Dickens (1951). The volume of G, on which the 
initial concentration of the substance to be dialysed 
depends, has to be determined with the utmost accuracy. 
The vessel constants are calculated in the normal way, 
whereby the volume of fluid (V ,) for the determination of 
the gas-solubility («) is that contained in both the upper 
and lower parts of the vessel. 


Time (hr.) 





Percentage H2O> in lower part of vessel (log scale) 


Fig. 3. Percentage decrease of H,O, concentration with 
time in the lower part of vessels which differ in mem- | 
brane area and volume: (1) control vessel with membrane | 
area (a) and volume of lower part (v) =1; (2) vessel with 
membrane area a=2 and volume of lower part v=1; 
(3) vessel with membrane area a =1 and volume of lower 
part v=2. For explanation see text. 


Allowance for variations. These allowances for the area of | 
membranes and volume of the lower parts in a series of 
different vessels, on which the rate of dialysis depends, are | 
made by relating the experimental results of a series of 
vessels to a control vessel used in that particular series, of 
which the membrane area (a) and volume of the lower parts 
(Fig. 1, B +@=v) are each taken to equal 1 (Fig. 3, curve 1). 
On plotting the percentage decrease of H,O, in the lower 
part of the control vessel (as calculated from the experi- 
mental data) the percentage decrease in any other vessel at | 
a given time can be read off the graph. If, for example, all 
but 10% of H,O, has dialysed through the membrane in the 
control vessel at ¢=2hr. (curve 1), then the same per- | 
centage is reached in half that time in a vessel which has 
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the same volume below the membrane but twice the 
membrane area (curve 2). Conversely, 31% of the initial 
H,O, remains at ¢=2 hr. in the lower part of a vessel which 
has the same membrane area but twice the volume of the 
control vessel (curve 3). It is therefore possible to correct 
the experimental results for variations in membrane area 
and volume of the part below the membrane and thereby 
to evaluate the true effect of changes in the experimental 
conditions. In the present experiment membrane areas and 
volumes of the lower parts of different vessels agreed so 
closely that the correction necessary at any time was 
<5%. 

Catalase. The enzyme used in these experiments was a 
highly purified preparation obtained from horse liver 
(Keilin & Hartree, 1945a), the concentration of which is 
given in terms of its haematin content. 

Hydrogen peroxide. A concentrated (‘100 vol.’) solution was 
freshly diluted for each experiment in 0-1 m phosphate buffer 
pH 6-0 (12-5 ml. Na,HPO, + 87-5 ml. KH,PO,) to contain 
50, 100, 200 or 400yl. O,/0-5 ml., which was the mean 
capacity of the tap cavity (Fig. 1, @). This gave rising con- 
centrations of H,O, in the lower part of the vessel 
from 0-25 to 2-0mm. The concentration of the stock 
solution of H,O, was checked at frequent intervals in 
separate manometric determinations, by tipping catalase 
into suitably diluted portions. 

Ethanol. This was freed from aldehyde by refluxing over 
zinc + KOH. The temperature of the bath was 20°. 


RESULTS 


In Fig. 4 the rate of decomposition of increasing 
amounts of H,O, is plotted against time. As 
catalase is present in high concentration, the 
peroxide which dialyses is instantaneously decom- 
posed. The rate of decomposition, therefore, equals 
that of diffusion. The following facts emerge: 
(1) Diffusion, as expected, follows an exponential 
course whereby at each concentration approxi- 
mately 80 % of the initial H,O, diffuses within 2 hr. 
(2) The rate of diffusion of H,O, is proportional to 
the initial concentration at the source. (3) The 
amount of decomposed (diffused) H,O, which is 
manometrically determined at any time allows the 
remaining concentration at the source, i.e. in B, to 
be calculated. This is represented in the upper part 
of Fig. 4, which shows in logarithmic scale the 
percentage decrease of H,O, concentration with 
time at the source. This was within the experi- 
mental error equal for all four concentrations of 
H,0,. 

The experimental conditions allow quantitative 
analysis of the factors affecting the peroxidatic 
function of catalase, for the oxygen liberated in 
presence of ethanol under given experimental 
conditions is a direct measure of the efficiency of 
peroxidatie oxidation, thus: 


Peroxidatic efficiency (%) = 100 x (oxygen liberated 
in control—oxygen liberated in presence of 


ethanol)/(oxygen liberated in control). 
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The following concentrations have been used in 
examining the interrelationships of catalase, H,O, 
and ethanol: catalase, 2 x 10-*-2 x 10-5m; initial 
H,O, at the source, i.e. in the lower chamber 





(Fig. 1, B+G@), 0-25-2-0mm; ethanol, 0-085-— 
1-36M. 
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Fig. 4. Catalatic decomposition (=diffusion) of increasing 
amounts of H,O, plotted against time. Temp. =20°; 
0-lm phosphate buffer, pH 6-0; catalase conen., 
2x10-*m. Initial H,O, concentration in curves 1-4 was 
0-25, 0-5, 1-0 and 2-0 mm, equivalent to 50, 100, 200 and 
400 yl. O, per vessel. The arrows 1-4 indicate the theo- 
retical amount of initial H,O, in each case. Curve 5 
represents the percentage decrease of H,O, with time in 
the lower parts of the four vessels plotted on a logarith- 
mic scale. 


In Fig. 5 the O, developed from catalatic de- 
composition of diffused H,O, in absence and in 
presence of ethanol is plotted against time. The 
curves differ because in presence of ethanol a large 
proportion of the diffused peroxide has not been 
catalatically decomposed but has been utilized for 
the peroxidatic oxidation of ethanol. In this, as in 
every other case, the formation of aldehyde, in 
addition to its characteristic smell, was quali- 
tatively checked by a test with Schiff’s reagent or 
by a brown coloration of a roll of KOH-soaked 
filter paper (polymerization) which was occasion- 
ally included in the side bulb of the vessels. From 
curve 1 the amount of H,O, remaining at the source 
and hence the percentage decrease with time of 
H,O, below the dialysing membrane can be calcu- 
lated. This is represented in the upper part of Fig. 5 
(curve la). By similarly calculating the apparent 
decrease of H,O, concentration at the source in 
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presence of ethanol (curve 2a) a direct measure of 
the poomnene yield is obtained, which in this case 
is about 80% of the diffused H,O,. 

The oundiiiene of the experiment represented in 
Fig. 5 were obviously favouring the peroxidatic as 
opposed to catalatic function of catalase in so far 
as the concentrations of catalase (2 x 10-5'm) and of 
ethanol (0-34M) were high while the peroxide con- 
centration was comparatively low (0-5 mm). 
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Fig. 5. Catalatic decomposition of dialysed H,O,: 1, in 


absence, 2, in presence, of ethanol. Temp.=20°; 0-1m 
phosphate buffer, pH 6-0; catalase conen., 2 x 10-m; 
ethanol concn., 0-34m; H,O, concn., 0-5 mm (100yl. 
O,/vessel). la, Calculated percentage decrease of H,O, 
concentration at the source (logarithmic scale); 2a, 
apparent percentage decrease of H,O, concentration in 
presence of ethanol. The shaded area indicates the 
amount of H,O, which has been utilized for the peroxi- 
datic oxidation of ethanol to aldehyde. 


It follows that in order to study the separate or 
mutual effect of variations in the concentrations of 
catalase, peroxide and ethanol on the peroxidatic 
efficiency suboptimum concentrations of at least 
one and sometimes two of the components of the 
system have to be applied. Thus in testing the 
effect of increasing concentrations of catalase 
(Fig. 6, curve 1) those of ethanol (85 mm) and of 
peroxide at the source (1 mm) have been kept low. 
The results show that peroxidatic oxidation in- 
creases with rising catalase concentration, reaching 
70% with 2 x 10-5 catalase. The rate of catalatic 
decomposition in absence of ethanol, however, was 
unaffected by varying the catalase concentration 
between 2 x 10-5 and 2 x 10-°m. 

Next the effect of rising concentrations of ethanol 
was tested (Fig. 6, curve 2) with a low catalase con- 
centration (2 x 10-*m) and an increased supply of 
H,O, (2mm). Under these conditions the peroxi- 


datic activity also increases with rising ethanol 
concentration. 

Finally, the effect of increasing the supply of 
H,O, was tested (Fig. 6, curve 3), catalase again 
being kept at a low concentration (2x 10-§m), 
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while the ethanol content was the same as in the 
experiment shown in curve 1, namely 0:34m. Here 
it is found that the peroxidatic efficiency decreases 
with increasing rates of H,O, supply. 
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Fig. 6. Peroxidatic oxidation of ethanol by catalase as a 
function of the relative concentrations of catalase, 
ethanol and H,O,. Temp. =20°; 0-1m phosphate buffer, 
pH6-0; 2hr. measurement. Curve 1: rising catalase 
concentration (2 x 10-®-2 x 10-5m), constant concentra- 
tions of ethanol (85 mm) and of H,O, (0-5 mm). Curve 2: 
rising ethanol concentration (0-17-1-36M), constant con- 
centrations of catalase (2 x 10-®m) and of H,O, (2-0 mm). 
Curve 3: rising H,O, concentration (0-25-2-0 mw), 
constant concentrations of catalase (2 x 10-§m) and of 
ethanol (0-34™). 


DISCUSSION 


The method of intramanometric dialysis by which 
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preformed H,O, can be brought into contact with | 


catalase at predetermined rates has made it possible, 
in the presence of ethanol, to obtain high yields of 
peroxidatic oxidation, that is, utilization of up to 
80% of the available H,O,. Keilin & Hartree 
(1945a), working with the system notatin—glucose- 
catalase-ethanol, have shown that, under their 
experimental conditions, the catalase concentra- 
tion, in order to act peroxidatically, must be a 
thousand times higher than for catalatic decompo- 
sition of H,O,. This is corroborated by the experi- 
ment shown in Fig. 5. However, this implies no 
general rule but applies only to the specific condi- 
tions of a particular experiment. By suitably 
adjusting the concentrations of catalase, H,O, and 
ethanol, it can be shown, as demonstrated in Fig. 6, 
that catalase at 2x 10-8M, i.e. at 1/1000 of the 
concentration necessary for approximately 80% 
peroxidatic efficiency in Fig. 5, is yet able to work 
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with an efficiency of about 50%, provided the con- 
centration of ethanol is high relative to that of 
H,O,. For example, in the experiment shown in 
curve 2, Fig. 6, where the rate of diffusing H,O, is 
great (initial concentration 2 mM) very high con- 
centrations of ethanol have to be used (up to 
1-36M) to obtain approximately the same peroxi- 
datic efficiency as with a lesser supply of H,O, 
(0-25 mm) at only one-quarter of the ethanol 
concentration (0-34M, curve 3, Fig. 6). Even so, the 
ethanol concentration required under the experi- 
mental conditions used is about 10 times higher 
than that usually applied for coupled oxidation in 
enzymic systems. Chance (1949a-c, 1950a-c), 
who has demonstrated by means of his rapid-flow 
method that catalase forms successively two com- 
plexes with H,O, and that the catalase—H,O, 
complex I catalyses both the catalatic decomposi- 
tion of further free H,O, and the oxidation of 
ethanol by H,O,, assumes the velocity constant for 
the reaction of complex I with H,O, to be 30 000 
times greater than for its reaction with ethanol 
(Chance, 1950c). 

The method of intramanometric dialysis here 
described is not restricted to the subject under 
consideration. It could be used, for example, for 
removal of an inhibitory metabolite during the 
course of a reaction, as e.g. H,O,, by dialysing it 
away from the reaction mixture (that is, in the 
reverse direction to that in these experiments) or for 
the introduction of a substrate in very small 
amounts, e.g. ATP, which would otherwise be in- 
hibitory, or for the addition to a highly purified 
enzyme on one side of the membrane of a meta- 
bolite produced by a crude enzyme preparation on 
the other side of the membrane. 


SUMMARY 


1. The peroxidatic activity of catalase has been 
studied by means of intramanometric dialysis 
whereby H,O, of known concentration is introduced 
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at a predetermined rate into a buffer solution con- 
taining ethanol and catalase. 

2. The dialysis vessel has been described and its 
theory worked out for the simple case of diffusion 
and catalatic decomposition of H,0,. 

3. By varying the concentrations of catalase 
(2 x 10-®-2 x 10-5), of ethanol (0-085—1-36m) and 
of initial H,O, in the lower chamber (0-25—2-0mm), 
i.e. by varying the rate of supply of H,O,, it has 
been found that the efficiency of peroxidatic 
oxidation (a) increases with rising catalase concen- 
tration at constant ethanol concentration, reaching 
70-80 % with 2 x 10->m catalase; (b) increases with 
rising ethanol concentration at constant catalase 
and H,O, concentrations; (c) decreases with rising 
H,O, concentration at constant catalase and 
ethanol concentrations. 

The method of intramanometric dialysis is not 
restricted to the subject under investigation. 


The manometer vessels were made by Messrs W. G. 
Flaig and Sons, Waterloo Road, London, N.W. 2. 
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The Destruction of isoNicotinic Acid Hydrazide 
in the Presence of Haemin 


By A. ALBERT anp C. W. REES 
Department of Medical Chemistry,* Australian National University 


(Received 3 March 1955) 


It has been shown (Fisher, 1954) that haemin 
antagonizes the antibacterial effect of isonicotinic 
acid hydrazide (isoniazid; isonicotinoylhydrazine) 
on Mycobacterium tuberculosis H37 Rv. In investi- 
gating this phenomenon, we have found that 
haemin catalyses the oxidative destruction of 
isoniazid (I) and that the products are 1:2-diiso- 
nicotinoylhydrazine (II) and zsonicotinic acid (IIT). 


- (II) ae 


MATERIALS AND METHODS 


The isoniazid, after recrystallization from ethanol and 
drying over calcium chloride and then over phosphorus 
pentoxide, had m.p. 170°. Potentiometric titration with 
alkali (0-1N-KOH), making use of the pK 10-8 (Albert, 
1953) and ultraviolet spectrophotometry (at 262 my.), 
indicated a purity of 99-84%. This material was used to 
evaluate the published methods of iodometric titration. 
That conducted in the presence of NaOH (Alicino, 1952) 
gave a titre of 92%, and that using NaHCO, (Canbick, 
1952) gave 95-5%, not improved by allowing a longer 
reaction time. The principal reaction is 


R.CO.NH.NH, +21, +H,0O-R.CO,H+N,+4HI. (i) 
It was found that diisonicotinoylhydrazine (II) can be 
titrated similarly: 


R.CO.NH.NH.CO.R +21, +2H,O-+2R.CO,H 
+N,+4HI. (ii) 
Because isoniazid, shaken with haemin in air, was found 
to give a mixture of (I), (II) and (III) (see below), titration 
with I, was used (with the factor 100/95-5) to obtain 
rapidly some general information on the progress of this 
decomposition. Thus, a sample (5 ml.) was withdrawn 
from the reaction mixture, kieselguhr (0-05 g. Hyflo- 
Supercel) added, then n-HCl (2-3 drops to give pH 2). The 
haemin was filtered off and washed. The filtrates were 
adjusted to pH 6-7 with n-NaOH, NaHCO, (0-2 g.) was 
added, then 0-01 n-I, (25 ml.). After 15 min., 0-5n-H,SO, 
(10 ml.) was added, and the excess of I, titrated with 
01N sodium thiosulphate, standardized against both 
KIO, and K,Cr,0,. 


* Present address, 183 Euston Road, London, N.W. 1. 


The isonicotinic acid was dried over P,O,; at 20° and | 


20mm. (Found: C, 58-1; H, 4:2; N, 11-2. Cale. for 
C,H;0,N: C, 58-5; H, 4-1; N, 11-4%.) 
Diisonicotinoylhydrazine (II) has previously been pre- 
pared only by the action of isonicotinoyl chloride on 
hydrazine hydrate (Graf, 1933). A more convenient pre- 


paration was found, as follows. Isoniazid (1 g.), dissolved | 
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in ethanol (100 ml.), was stirred at room temp. with | 


freshly precipitated yellow HgO (1-58 g.; 1 equiv.) for 


18 hr. The solution was filtered from metallic mercury, | 


which was then washed with ethanol. The combined 
filtrates were briefly shaken with carbon, filtered and taken 
to dryness. The solid was recrystallized from water (40 ml.), 
giving 0-35 g. of white crystals of (II), m.p. 260° (cf. 254- 
255°, Graf, 1933). (Found: C, 59-7; H, 3-7; O, 13:1. 
Cale. for C,,H,0,N, : C, 59-5; H, 4-1; O, 13-2%.) 

The haemin was standardized spectrophotometrically 
(at 555 my.) and found to be 92+5% pure. It was weighed 
out for each experiment and dissolved in the minimal 
volume of n-NaOH, then diluted with half of the buffer 
solution to be used and adjusted to pH 7-5 (glass electrode). 


EXPERIMENTAL 


Isoniazid (0-61M), plus haemin or other additions where 


used, in 0-05m phosphate buffer (pH 7-5) was shaken ina | 
long-necked open flask at about 180 oscillations per minute | 


(17-20°). 

On one occasion the products of the reaction were 
isolated, making use of the high solubility of (I) and (III) in 
cold water as compared with that of (II), and of the solu- 


bility of (I) in boiling ethanol under conditions where (III) | 
was present as the sodium salt and hence insoluble. Thus, | 


0-01 M isoniazid and haemin (0-001 M) in buffer (200 ml., as 
above) were shaken in air for 24 hr., kieselguhr (2 g.) was 
added and the haemin precipitated at pH 2 by adding 
5N-HCl. The filtrate was evaporated to 10 ml., adjusted 
to pH7 and chilled. The diisonicotinoylhydrazine was 
filtered off and recrystallized from water as white needles, | 
m.p. 260° (0-02 g.). The filtrate was taken to dryness | 
and extracted twice with boiling ethanol (2+1 ml.). The 
evaporated extract gave white crystals of isoniazid 
(0-11 g.), which, recrystallized from ethanol, gave 0-05 g., 
m.p. 166-170°. The ethanol-insoluble residue of sodium 
isonicotinate was dissolved in water (2 ml.) and adjusted to 
pH 3. The solution was evaporated, and the solid extracted | 
three times with ethanol (3 x 15 ml.). The extract was con- 
centrated to 3 ml., chilled, and the crystals were dried at | 
110°, giving isonicotinic acid (0-02 g.), m.p. 300-305° 
(decomp.; sealed tube). Mixed melting points and chro- 
matography were used to confirm the identity of these 
three substances. 
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Paper chromatography. The most suitable developing 
solvent was aqueous 0-5M-NH,Cl. Ammonia (2N) gave 
better resolution, but increased the rate of oxidation in air. 
Insufficient resolution was given by the following: water, 
dimethylformamide, butanol-acetic acid, (NH,)Cl in 
0-01N-HCl. The papers were dried in warm air (30 min.), 
and read under an ultraviolet lamp emitting principally at 
254 mp. (A Thermal Syndicate mercury burner, Model 
T/M5/369 E was used, with a Chance Brothers Silica Filter 
0X 7/19874.) All spots were dark against the fluorescent 
background of the paper. Under Wood’s light (365 mz.), 
ditsonicotinoylhydrazine alone fluoresced (orange). Only 
the isoniazid spots gave a blue colour when sprayed with a 
solution of KIO, and starch in dilute H,SO,. The following 
Ry values were found (in 0-5M-NH,Cl) by the ascending 
method: 0-81 


0-73 
Diisonicotinoylhydrazine 0-68 


isoNicotinic acid 


The values were not changed when all three substances 
were present, nor when phosphate or aminotrishydroxy- 
methylmethane (tris) buffers were used to dissolve them. 
Haemin prevented resolution and had to be removed by 
precipitation before the solution was applied to the paper. 
(When 2N-NH, was used as a developer, haemin actually 
changed the relative position of the spots. These irregu- 
larities are attributed to its colloidal nature.) 

Quantitative paper chromatography. A sample (5 ml.) of 
the reaction mixture was adjusted to pH 2 with 5n-HCl 
| (one smal] drop), and the haemin removed by centrifuging. 


~ 


A sample (0-06 ml.) was applied to each of three sheets of 
| Whatman no. | filter paper (45 x 50 cm.) as a band about 
9 cm. long, and standard solutions (0-06 ml.) of substances 
(I), (II) and (III) (see Table 1) were similarly applied along 
the same starting line, one te a paper. The paper was 
developed in 0-5m-NH,Cl until the front was 1 cm. from 
the top of the paper (5 hr.). The bands (now six in number) 
were quickly marked in their new positions under 254 mu. 
light, and each standard band and the corresponding band 
of the reaction mixture were cut out. Three further bands 
of paper, of the same area, were removed at R, values 
corresponding to each of the three substances, the eluates 
| from these blank bands being used in the solvent cells 
| during spectrophotometry. The nine strips of paper were 
| eluted with water overnight (see Brimley & Barrett, 1953) 
| and the eluates were made up to 5 ml. The ultraviolet 
absorption was then measured in a photoelectric spectro- 
photometer (see Table 1 for analytical wavelengths). The 
following recoveries were repeatedly obtained (+2%): 


| % 
| isoNicotinic acid 94 


Isoniazid 72 
Diisonicotinoylhydrazine 92 


—_——- 


It was found that isoniazid was not appreciably decom- 
| posed by the ultraviolet light used to locate it, nor was any 
lost by volatilization when drying the paper. Moreover, 


- | the same loss was obtained when water was used as de- 


| veloper. It was found that the principal loss was due to 
oxidation in air to isonicotinic acid, usually a slow process 
in the absence of haemin (see Results), but accelerated here 
by the more efficient contact with the oxygen of the air. 
The quantitative changes were determined as follows. 
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Mixtures of isoniazid (0-005m) and diisonicotinoylhydra- 
zine (0-0025m), and of isoniazid and isonicotinic acid 
(0-005 of each) were applied to a paper and developed in 
0-5mM-NH,Cl as before. The recoveries of (I) and (IL) were as 
above, but that of isonicotinic acid had increased from 94 to 
105%. Henceforth, the factor 94/105 was applied to the 
apparent yields of isonicotinic acid obtained from the 
reaction mixture (the isoniazid is automatically converted 
by comparison with the standard run at the same time). 
This enrichment of the bands of isonicotinic acid at the 
expense of isoniazid must cease when the bands have 
become fully resolved during development, but the R, 
values are so close that their separation takes several 
hours. 


RESULTS 


When isoniazid (0-01 m) was shaken in air at 17—20° 
with haemin (0:001™) in phosphate buffer (pH 7-5), 
a rapid loss of isoniazid was found (Fig. 1), as shown 
by the diminishing consumption of iodine when 
samples were titrated. After 24hr. shaking, 
samples of isoniazid, ditsonicotinoylhydrazine (II) 
and isonicotinic acid were isolated in a pure condi- 
tion (see ‘Materials and Methods’). No other con- 
stituents could be found, though any binding of 
these pyridines to the haemin before acidification 
was not investigated. The use of tris buffer (pH 7-5) 
in place of phosphate led to similar results. 

When the haemin was omitted, a small but 
definite loss of isoniazid occurred (Fig. 1), and the 
same products were formed, as was easily demon- 
strated when this reaction was accelerated by 
bubbling hot moist air through a solution of 
isoniazid at 85° and pH7-5 for 20hr. In an 
atmosphere of nitrogen, no reaction occurred 
(observed for 100 hr.). The use of 0-0001m haemin 
led to a rate of destruction intermediate between 
that caused by 0-001m haemin and by air alone 
(Fig. 1). Similarly, it was shown that (II) is 
oxidized to (III) rapidly in the presence of haemin 
and more slowly in its absence. The haemin-free 
oxidation of isoniazid is greatly accelerated in 
alkaline solutions. 

The presence of 0-0001m hydrogen peroxide (in 
the 0-001m haemin experiment) removed what 
seems to be a small initial lag, whereas the addition 
of catalase slightly decreased the rate of oxidation 
(Fig. 2). The same products as before were ob- 
tained in both cases. 

To find whether diisonicotinoylhydrazine is an 
intermediate in the conversion of (I) into (III), or 
arises by a chemical reaction between (I) and (III), 
a solution of (I) and (III) (0-01 of each) was made 
in phosphate buffer (pH 7-5) previously boiled for 
5 min. and flushed with oxygen-free nitrogen. 
Samples were kept under nitrogen at 20°, and at 
85°, respectively, for 42hr. Paper chromato- 
graphy failed to reveal the presence of dizsonico- 
tinoylhydrazine. Hence it would seem that under 
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our experimental conditions this substance is not 
generated by interaction of the final product with 
the starting material, but is an actual inter- 
mediate. Haemin was not included in this experi- 
ment, because (II) is freely formed in its absence at 
85° (see experiments conducted in air, above). 

Finally a sample of the normal reaction mixture 
(isoniazid, 0-01mM; and haemin 0-001m; 20° and 
pH 7:5) was submitted to quantitative paper 
chromatography after 24 hr. shaking. The results 
are given in Table 1.- It is evident that after this 
time, half of the isoniazid is unchanged and the 
remainder has been converted into roughly equal 
amounts of dizsonicotinoylhydrazine and iso- 
nicotinic acid. 

DISCUSSION 

Fisher (1954) discovered that haemin interferes 
with the action of isoniazid on the tubercle bacillus 
H37Rv, the activity being reduced 20 000-fold 


4 


nN w 


Atom equivalent of iodine 


= 








100 150 200 384576 


Time (br.) 


Fig. 1. Oxidative decomposition of 0-01M isoniazid, alone 
x ; in the presence of 0-0001mM haemin O; and in the 
presence of 0-001m haemin @ (all in 0-05m phosphate 
buffer at pH 7-5). The ordinate is the combined amount 
of isoniazid and diitsonicotinoylhydrazine remaining, 
expressed as atom equivalents of iodine as determined by 
titration. See Eqns. i and ii. 
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when the haemin: isoniazid molecular ratio is 1:2. 
He formed the opinion that no destruction of 
isoniazid by haemin occurred outside the bacillus, 

However, it is evident from Fig. 1 and Table 1 
that haemin acts on isoniazid in a simple phosphate 
buffer at pH 7-5. This reaction does not depend on 
the presence of phosphate, for it proceeds at about 
the same rate in tris buffer. It is an oxidative 
reaction, occurring readily in air, but not in 
nitrogen. Half of the isoniazid is destroyed in 
24 hr. at 20° (Table 1). The reaction is catalytic, 
diminishing as the haemin is diminished, but still 
taking place, although slowly, in the absence of 
haemin (Fig. 1). In all cases the products formed 
are diisonicotinoylhydrazine (II) and ‘ésonicotinic 
acid (III), the former changing to the latter on 


further aeration (rapidly if haemin is present, | 
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Fig. 2. Oxidative decomposition of 0-01m isoniazid and | 
(taken from Fig. 1); with | 





0-001m haemin, alone, 
0-0001 M-H,O, added, @; and with approx. 0-7% cata- 
lase added at the times indicated by the arrows, where 
a=0-5 ml. and b=0-1 ml., ©.§ (All were in 0-05 phos- 
phate buffer at pH 7-5.) 








Table 1. Chromatographic analysis (paper) of the solution obtained by shaking isoniazid (0-01M) 
and haemin (0-001M) in air at 20° and pH 7-5 for 24 hr. 





Standard (eluate) Reaction 
Analytical solution 
wavelength Concen- Recovery (eluate) 
(Amax.) tration Optical ofstandard optical Yield* 
Substance in mp. logy € (m) density (%) density (%) 
Isoniazid 262 3-647 0-005 0-185 72+ 0-181 48-9 
Diisonicotinoylhydrazine 266 3-880 0-0025 0-198 90 0-114 28-8 
isoNicotinic acid 262 3-565 0-005 0-203 94 0-124 27-3 
105-0 


* With reference to isoniazid originally present. 
t Corrected by factor 94/105 as discussed in ‘Experimental’. 


+ See ‘Experimental’ for discussion of this figure. 
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slowly in its absence). It had already been shown 
that, in the usual tubercle bacillus culture media, 
isoniazid was slowly oxidized to isonicotinic acid 
(Bénicke & Reif, 1953), and the presence of 
phosphate was believed necessary for this effect. 

It was found that (IT) does not arise from the 
chemical combination of (I) and (III) under the 
reaction conditions used here, and hence it must 
be an intermediate in the conversion of (I) into 
(III). (It is possible that there may be another 
route from (I) to (III) not passing through (I1).) 
The symmetrical nature of (II), together with the 
probable participation of hydrogen peroxide in its 
formation (see below), suggests that it may be 
formed by a free-radical reaction, i.e. the combina- 
tion of two equivalents of the supposed oxidation 
product (IV). Although free-radical reactions are 
not common in dilute aqueous solution, the re- 
action under consideration may be facilitated by 
the ease of hydrogen-bonding to a dimer (V), 
which could give ditsonicotinoylhydrazine by a 
simple rearrangement of bonds. 


CO—NH’* 


H 
Q CcO—N. . -HN—CO 
ry 3 
N 


(IV) (V) 


It is known that haemoproteins (e.g. methaemo- 
globin and cytochrome c) catalyse the oxidation of 
some heterocyclic substances by hydrogen per- 


oxide (Albert & Falk, 1949), such oxidations pro- 


and | 


ata- 
here 
hos- 


ducing further quantities of hydrogen peroxide. 
Hence an attempt was made to find if hydrogen 
peroxide played a part in the present reactions. It 
can be seen from Fig. 2 that the addition of a trace 
of hydrogen peroxide removed an apparent lag, 
whereas additions of catalase somewhat decreased 


| the rate of oxidation. Thus it would appear that 


hydrogen peroxide as well as oxygen plays a part 
in the haemin-catalysed destruction of isoniazid. 
The antagonistic action of haemin on isoniazid 
in the presence of tubercle bacilli probably takes 
the same form as in their absence, namely oxidative 


| destruction of the isoniazid. Hence it is un- 


re. 





necessary to assume with Fisher (1954) that 
isoniazid injures mycobacteria by interfering with 
their porphyrin metabolism and that haemin 
reverses this interference because of its structural 
resemblance to these porphyrins. 

Susceptible strains of the bacillus contain haemin, 
whereas resistant strains lack it (Fisher, 1954), so it 
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is tempting to assume that the true toxic agent is 
not isoniazid but a substance generated by its 
oxidation. However, the known degradation 
products, dizsonicotinoylhydrazine (II) has only 
about one-tenth of the toxic action of isoniazid for 
this bacillus (Offe, Siefken & Domagk, 1952) and 
dsonicotinie acid is inactive. Isoniazid has been 
shown to have a high avidity for the cations of 
biologically important heavy metals (Albert, 1953), 
but our further studies have revealed no quanti- 
tative correlation between avidity for metals and 
antitubercular activity among hydrazides. Thus 
the mode of action of isoniazid remains unknown. 

Since this work was done, we have seen a brief 
communication which claims (a) that the oxidation 
in air of isoniazid in the presence of haemin leads 
to (II) and (III), and (b) that the didsonicotinoyl- 
hydrazine arises by the condensation of isoniazid 
with zsonicotinic acid (Kriiger-Thiemer, 1955). We 
agree with (a), but believe that (b) is refuted by 
data presented here. 


SUMMARY 


1. Haemin destroys isoniazid by catalysing its 
oxidation in air at pH 7-5 even in the absence of 
tubercle bacilli. The oxidation takes place in the 
absence of haemin, but is slower. 

2. The products are firstly, 1:2-diisonicotinoyl- 
hydrazine and, after further oxidation, isonico- 
tinic acid. 

3. An improved synthesis of diisonicotinoyl- 
hydrazine is given. 

4. Chemical aspects of the mode of action of 
isoniazid are discussed. 


We wish to thank Professor Robert Knox for suggesting 
this problem, and Dr J. E. Falk for helpful discussions and 
the assay of haemin. 
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Studies of the metabolism of naphthalene have 
shown that conversion of this hydrocarbon into 
trans-1:2-dihydronaphthalene-1:2-diol takes place 
in the rat (Young, 1947; Booth & Boyland, 1949), 
the rabbit (Booth & Boyland, 1949), the guinea 
pig and the mouse (Corner & Young, 1954). It has 
been found, however, that different proportions of 
the dextro- and laevo-rotatory forms of the di- 
hydrodiol are excreted by different species. 
1:2-Dihydronaphthalene-1:2-diol can be broken 
down in an acid medium to yield 1- and 2-naphthol, 
and as both these naphthols, together with the 
sulphuric acid and glucuronic acid conjugates of 
l-naphthol, are known to be metabolites of naph- 
thalene (cf. Corner & Young, 1954), the question 
arises whether 1:2-dihydronaphthalene-1:2-diol is 
an intermediate in the metabolic conversion of 
naphthalene into naphthol. One approach to this 
problem lies in a study of the metabolism of the 
dihydrodiol itself, and one such investigation has 
been made by Boyland & Wiltshire (1953). These 
workers made a quantitative study of the meta- 
bolism of synthetic (+ )-trans-1:2-dihydronaph- 
thalene-1:2-diol in the rat and from the results of 
the colorimetric procedures they used they con- 
cluded that the dosed animals excreted unchanged 
1:2-dihydronaphthalene-1:2-diol, free 1-naphthol, 
naphthylsulphuric acid and a glucuronide liber- 
ating 1-naphthol on hydrolysis. 

In the present investigation the metabolism of 
(+)-, (+)- and (—)-trans-1:2-dihydronaphthalene- 
1:2-diol has been studied in the hooded rat. It has 
been found that administration of the dihydrodiol 
leads to a marked increase in the glucuronic acid 
content of the urine and also to a significant in- 
crease in the ethereal sulphate fraction. No 
increase in the neutral sulphur excretion was 
detected. Paper chromatography has been used to 
gain information about the nature of the hydroxy 
derivatives of naphthalene excreted in the free 
form and in conjugation with sulphuric acid and 
glucuronic acid. Experiments have also been 
carried out in which 1:2-dihydronaphthalene-1:2- 
diol and *S-labelled sodium sulphate have been 


* Paper 7: Corner & Young (1954). 
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administered simultaneously to rats and these have | g 
thrown additional light on the character of the | ti 
sulphuric acid conjugates in the urine. e 

Our experiments have revealed no qualitative / © 
differences in the metabolism of (+)-, (+)- and | ™ 
(— )-trans-1:2-dihydronaphthalene-1:2-diol in the 


rat, and every metabolite of this compound so far 
identified has also been shown to be a metabolite of 

naphthalene. | our 

EXPERIMENTAL « 

Materials be 

uri 


(+)-trans-1:2-Dihydronaphthalene-1:2-diol. Naphthalene J 
was administered to male hooded rats by stomach tube and | ad 
1:2-dihydronaphthalene-1:2-diol was isolated from the 
urine by the method described by Young (1947). The Me 
compound showed no measurable optical rotation and it ] 
melted at 100°. (Found: C, 74:1; H, 6-1. Calc. for C,,H,,0,: 

C, 74:0; H, 6-2%.) The compound was acetylated by acetic 100 
anhydride in pyridine and the product so obtained showed 


no optical rotation and melted at 74°. (Found: C, 68-7; a 
H, 5:5. Cale. for C,,4H,,0,: C, 68-3; H, 5-7%.) wn 

( +)-trans-1:2-Dihydronaphthalene-1:2-diol. Naphthalene | gluc 
was administered to rabbits by stomach tube and a gluco- | ie 


siduronic acid fraction was separated from the urine by the 
procedure described by Corner, Billett & Young (1954). I 
Incubation of the fraction at 37° with 8-glucuronidase led | fig; 
to the isolation of 1:2-dihydronaphthalene-1:2-diol, m.p. } pail 
127-128°, [«]?? +157° in ethanol (c, 1). (Found: C, 73:5; of i 
H, 6:0. Cale. for CyH,,0,: C, 74:0; H, 6-2%.) The di- 


acetate of the compound was prepared, m.p. 77°, [a] # +421° gluc 
in ethanol (c, 0-5). (Found: C, 68-8; H, 6-1. Cale. for -~ 
one 


C,,H,,0,: C, 68-3; H, 57%.) 

( —)-trans-1:2-Dihydronaphthalene-1:2-diol. Naphthalene, ____ 
was administered to guinea pigs by intraperitoneal in- 
jection, and 1:2-dihydronaphthalene-1:2-diol was isolated} Ta 
from the urine by the method described by Corner & Young 
(1954). The compound melted at 126-127° and showed 
[a] 20 — 157° in ethanol (c, 1). (Found: C, 74-0; H, 6-1. Cale.) Th 
for C,H ,0,: C, 74-0; H, 6.2%.) The diacetate of thecom-| ether 
pound was prepared, m.p. 77-78°, [a]? — 434° in ethanol cule | 
(c, 1). (Found: C, 68-8; H, 6-2. Calc. for C,4H,,04: C, 68°35 | 
H, 57%) 

Quantitative studies 


Dosing of animals and collection of urine. Pairs of male| 
hooded rats (average body wt. 270g.) were used. The 
animals were housed in, metabolism cages designed to 
allow the collection of urine separate from faeces, and they, 
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were fed on a bread and milk diet with vitamin supple- 
ments. Before an experiment was started the animals were 
kept in the metabolism cages for 3 days in order that they 
might become accustomed to the new environment. 
Analytical methods. Glucuronic acid was determined by 
the naphthoresorcinol method of Hanson, Mills & Williams 
(1944) with the modification introduced by Bisset, Brooks- 
bank & Haslewood (1948). It was found that when glu- 
curonic acid determinations were carried out using rat 
urine, the blue colour normally obtained was modified 
considerably by urinary constituents which gave rise to a 
reddish purple colour. To test the significance of this effect 
a comparison was made of the results obtained when 
samples of 1-naphthyl glucosiduronic acid added to water 
and to normal rat urine were hydrolysed at various dilu- 
tions corresponding to those used in the metabolism 
experiments. Almost identical calibration graphs were 

@ ? obtained under the two sets of conditions. Complete 

j | hydrolysis of 1-naphthyl glucosiduronic acid occurs when 

4 the compound is heated in a boiling-water bath for 2 hr. in 

the presence of 3N-HCl and these conditions were used for 

" ) the analysis of rat urine. 

f The excretion of total and inorganic sulphate in the 
| urine was determined by means of the benzidine-precipita- 
| tion procedure (cf. Corner e¢ al. 1954) and the ethereal 
} sulphate excretion was calculated from the difference 

between these values. The neutral sulphur content of the 
urine was calculated from the difference between the total 
© | sulphate sulphur and total sulphur excretions. The total 
sulphur content of the urine was determined by the Carius 
oxidation procedure described by Young, Edson & 

e McCarter (1949). 

During the metabolism experiments the urine of each 

'* | pair of animals was collected daily, filtered and made up to 

© | 100 ml. Three 5 ml. samples of this diluted urine were used 


d \ for estimations of inorganic sulphate, three 6 ml. samples 
1s | for estimations of total sulphate. Two 6 ml. samples were 
| concentrated and used for total sulphur estimations. The 
¢ | glucuronic acid content of the urine was determined by 
: ' using two 1 ml. samples suitably diluted. 
). Results. Two pairs of animals were used in the 
d | first metabolism experiment and the urine of each 
P { pair was analysed separately. Daily determinations 
: of inorganic and total sulphate, total sulphur and 
j°| glucuronic acid were made. After a 4-day pre- 


dosing period each animal received an intraperi- 
toneal injection of (+)-trans-1:2-dihydronaph- 
ne 
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thalene-1:2-diol as a 2% (w/v) solution in water. 
Exactly 24hr. after the first dose the animals 
received a second dose of the same size. Each pair 
of rats received a total of 212 mg./kg. body wt. 
of (+ )-trans-1:2-dihydronaphthalene-1:2-diol. The 
urine was analysed daily for 4 days after the 
administration of the second dose of the compound. 
The mean results of this experiment are shown in 
Table 1. 

Similar experiments were carried out in which 
(+)- and (—)-trans-1:2-dihydronaphthalene-1:2- 
diol were administered to rats. A summary of the 
main findings is given in Table 2, where the total 
effect of the administration of 1:2-dihydronaph- 
thalene-1:2-diol on ethereal sulphate and glucu- 
ronic acid excretion is shown. A marked rise in the 
glucuronic acid content of rat urine occurred. 
There was also a significant increase in the ethereal 
sulphate content of the urine. There was no 
detectable rise in the neutral sulphur fraction (see 
Table 1). 


Table 1. Excretion of inorganic and ethereal sulphate 
S (IS and ES), neutral sulphur (NS) and glucuronic 
acid in the urine of four rats before and after the 
intraperitoneal injection of ( + )-trans-1:2-dihydro- 
naphthalene-1:2-diol 


Animals dosed twice. Total dose 212 mg./kg. body wt. as 
a 2% (w/v) solution in water. 


Sulphur 
(mg./kg. body wt.) 
Glucuronic acid 


Day IS ES NS (mg./kg. body wt.) 
1 22-9 0-0 19-6 54 
2 25:3 0-1 21-9 57 
3 28-4 0-5 18-6 66 
4 23-9 0-1 17-3 78 


(+)-trans-1:2-Dihydronaphthalene-1:2-diol administered 
5 20-7 3-8 20-0 127 


(+)-trans-1:2-Dihydronaphthalene-1:2-diol administered 


6 15-9 6-8 18-2 136 
7 29-0 0-1 19-9 45 
8 30-1 0-3 24-9 47 
9 29-4 0-4 23-0 38 


n- 
ed | Table 2. Conjugation of (+)-, (+)- and (—)-trans-1:2-dihydronaphthalene-1:2-diol and their metabolites 





‘ with sulphuric acid and glucuronic acid in the rat 
lc. The values given are percentages of the dose of 1:2-dihydronaphthalene-1:2-diol corresponding to the increases in 
m-| ¢thereal sulphate and glucuronic acid excretions when calculated on the basis of one molecule of the compound per mole- 
ol | cule of sulphuric acid or glucuronic acid. For experimental details see text and Table 1. 
35 Percentage of dose conjugated 
c =e \ 
Form of trans-1:2- Dose level With With 
dihydronaphthalene- (mg./kg. sulphuric glucuronic 

ale | 1:2-diol administered body wt.) acid acid Total 
. (4) 212 24 52 76 
. (+) 194 39 29 68 

200 20 57 77 


+ (-) 
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One possible explanation of these findings is that 
1:2-dihydronaphthalene-1:2-diol was excreted in 
conjugation with glucuronic acid and sulphuric 
acid. Another possibility is that some 1:2-dihydro- 
naphthalene-1:2-diol was converted into 1- and 2- 
naphthol which were excreted in the form of 
conjugates. It is known that some of the 1:2- 
dihydronaphthalene-1:2-diol formed from naph- 
thalene in the rat and in the rabbit undergoes con- 
jugation with glucuronic acid and is excreted as 
1:2-dihydro-2-hydroxy-1l-naphthyl glucosiduronic 
acid (Corner et al. 1954; Corner & Young, 1954), and 
it appears likely, therefore, that this compound is 
present in the urine of rats dosed with 1:2-dihydro- 
naphthalene-1:2-diol. In order to gain information 
concerning the nature of the free and conjugated 
hydroxy derivatives of naphthalene excreted by 
rats dosed with 1:2-dihydronaphthalene-1:2-diol 
the urine of the dosed animals was examined by 
the chromatographic procedures described in the 
following section. 


Chromatographic studies 
The reference compounds used were 1- and 2-naphthol, 
1:2- and 1:4-dihydroxynaphthalene, 1:2-dihydronaphtha- 
lene-1:2-diol, 1- and 2-naphthylsulphuric acid, and 1- and 
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2-naphthyl glucosiduronic acid. A glucosiduronic acid 
fraction known to contain 1:2-dihydro-2-hydroxy-1- 
naphthyl glucosiduronic acid (cf. Corner ef al. 1954) was 
also used for reference purposes. The methods used for 
obtaining the reference compounds and details of the 
procedures for paper chromatography have been described 
previously (Corner & Young, 1954). 

Animal experiments. Each of six male hooded rats of 
average body weight 260 g. received a single dose of 30 mg. 
of 1:2-dihydronaphthalene-1:2-diol by intraperitoneal 
injection. The first pair of animals was given the optically 


inactive compound, the second pair received the dextro- | 


rotatory compound and the third pair was dosed with the 


laevorotatory compound. The urine from each pair of | 


animals (pH 6-5-7-0) was collected for 24 hr. after dosing, 
filtered and extracted continuously with peroxide-free 
ether for 24 hr., and the ether extracts were combined and 
evaporated to dryness. The residue so obtained was dis- 
solved in 1-2 ml. of ethanol, and samples of the solution 
were examined by paper chromatography using solvent 
systems 1-3 (see Table 3). After each urine had been 
extracted with ether, it was evaporated under reduced 


pressure to one-tenth of its volume and then shaken with | 


an equal volume of n-butanol. The emulsion which formed 
was broken by centrifuging and the butanol layer was 
separated and examined by paper chromatography using 
solvent systems 4 and 5 (see Table 3) for the presence of 
conjugated hydroxy derivatives of naphthalene. The 
identity of each metabolite reported in Table 3 was deduced 





Table 3. The chromatographic examination of ether and butanol extracts of the urines of rats dosed 
with (+)-, (+)- and (—)-trans-1:2-dihydronaphthalene-1:2-diol 


Ry values, except those in heavy type, which refer to papers treated with HCl fumes before spraying, refer to papers 


sprayed immediately. Colours of spots: DR, dark red; O, orange; P, purple; Y, yellow. Solvent systems (the saturated 
organic phase obtained after mixing the volumes shown was used): 1, cyclohexane—water-ammonia (sp.gr. 0-88) (5:4:1); 
2, benzene—water-ammonia (sp.gr. 0-88) (5:4:1); 3, cyclohexane—benzene—water-ammonia (sp.gr. 0-88) (5:5:8:2); 
4, n-butanol-3 n-(NH,),CO,;-3N-NH,OH (4:3:3); 5, tsobutanol-3n-(NH,),CO;-3N-NH,OH (4:3:3). 


Rp values Colours 
Form of trans-1:2-dihydronaph- ———-- 
thalene-1:2-diol administered Diazotized 
Solvent. (90 ——-——*-—_____, sulphanilic NNCD 
system (+) (+) (-) acid reagent Compounds 
Ether extracts 
1 0-14 0-16 0-16 O iy 2-Naphthol 
0-01 0-01 0-01 DR ¥ 1:2-Dihydronaphthalene-1:2-diol 
2 0-76 0-76 0-76 O Y 2-Naphthol 
0-26 0-27 0-27 DR - 1:2-Dihydronaphthalene-1:2-diol 
3 0-50 0-51 0-51 oO = 2-Naphthol 
0-10 0-11 0-11 DR x 1:2-Dihydronaphthalene-1:2-diol 
Butanol extracts 
4 0-90 0-89 0-90 DR < 1;2-Dihydronaphthalene-1:2-diol 
0-81 0-81 0-80 DR Y 1-Naphthylsulphuric acid 
0-74 0-73 0-74 P ¥ Unknown* 
0-22 0-24 0-22 DR x 1-Naphthyl glucosiduronic acid 
0-09 0-10 0-09 DR x 1:2-Dihydro-2-hydroxy-1-naphthyl 
glucosiduronic acid 
5 0-83 0-84 0-83 DR ¥ 1:2-Dihydronaphthalene-1:2-diol 
0-76 0-77 0-77 DR x 1-Naphthylsulphuric acid 
0-67 0-66 0-67 P Pe Unknown* 
0-11 0-12 0-11 DR = 1-Naphthyl glucosiduronic acid 
0-08 0-09 0-09 DR z 1:2-Dihydro-2-hydroxy-1-naphthyl 


glucosiduronic acid 
* Probably a conjugate of 1:2-dihydroxynaphthalene (see text). 
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by comparing its Ry values with those of reference com- 
pounds which were run simultaneously in the same solvent 
systems, and from the colours which the metabolites 
gave with diazotized sulphanilic acid and ammonia, and 
with 2-chloro-4-nitrobenzenediazonium naphthalene-2-sul- 
phonate (NNCD reagent), either before or after the chro- 
matograms were treated with HCl fumes. 


Results. Ether extracts of the urines of rats 
dosed with (+)-, (+)- and (—)-trans-1:2-dihydro- 
naphthalene-1:2-diol were found to contain 2- 
naphthol and 1:2-dihydronaphthalene-1:2-diol. No 
evidence for the presence in these extracts of 
l-naphthol, 1:2-dihydroxynaphthalene or 1:4-di- 
hydroxynaphthalene was obtained. 1-Naphthy]l- 
sulphuric acid, 1-naphthyl] glucosiduronic acid, and 
1:2-dihydro-2-hydroxy-l-naphthyl glucosiduronic 
acid were detected in butanol extracts of these 
urines, but no evidence for the presence of 2- 
naphthylsulphuric acid or 2-naphthyl glucosid- 
uronic acid was obtained. As the R, values of 1- 
naphthyl glucosiduronic acid are close to those of 
2-naphthyl glucosiduronic acid in the two solvent 
systems used, it seemed possible that this may have 
accounted for failure to detect the latter compound. 
This possibility was tested in experiments in which 
an amount of 2-naphthyl glucosiduronic acid 
corresponding to 1 % of the (+ )-trans-1:2-dihydro- 
naphthalene-1:2-diol administered to rats was dis- 
solved in the urine of the dosed animals. Butanol 
extracts of this urine were prepared by means of 
the procedure described earlier and when these 
extracts were examined by paper chromatography, 
2-naphthyl glucosiduronic acid was easily de- 
tectable on the paper chromatograms and could be 
differentiated from the corresponding derivative of 
1-naphthol. 

When a similar experiment was carried out to 
detect the presence of 2-naphthylsulphuric acid on 
paper chromatograms the results were difficult to 
interpret because of the presence of an unknown 
metabolite of 1:2-dihydronaphthalene-1:2-diol with 
an R, value slightly smaller than those of the 
sulphuric acid conjugates of 1- and 2-naphthol. 
Further evidence in favour of the view that 2- 
naphthylsulphuric acid was not present, however, 
was obtained as follows. A butanol extract of the 
urine of rats dosed with ( + )-trans-1:2-dihydronaph- 
thalene-1:2-diol was prepared by means of the 
procedure described earlier. A sample of the 
extract was spotted on a paper strip which was 
developed in solvent system 4 (see Table 3). After 
the chromatogram had been developed, the section 
of the paper strip which carried 1-naphthyl- 
sulphuric acid was removed and immersed in hot 
water (10 ml.) for 15 min. The aqueous extract was 
adjusted to pH 1 with conc. HCl and heated in a 
boiling-water bath for 30min. The mixture was 
then cooled to room temperature, extracted with an 
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equal volume of ether and the evaporated ether 
extract, when examined by paper chromatography, 
was found to contain 1-naphthol but not 2-naph- 
thol. The latter compound was easily detected, 
however, when the procedure just described was 
applied to rat urine containing 2-naphthylsul- 
phuric acid in amounts corresponding to 1 % of the 
dose of 1:2-dihydronaphthalene-1:2-diol which had 
been administered to these animals. 

The results of the present investigation resemble 
in a number of respects those obtained from a 
chromatographic examination of the urine of rats 
dosed with naphthalene (Corner & Young, 1954). 
Thus, rats dosed either with naphthalene or with 
1:2-dihydronaphthalene-1:2-diol excrete 2-naph- 
thol but not 2-naphthylsulphuric acid or 2- 
naphthyl glucosiduronic acid. Whereas rats to 
which naphthalene has been administered excrete 
1-naphthol together with 1-naphthy]l glucosiduronic 
acid and l1-naphthylsulphuric acid, those dosed 
with 1:2-dihydronaphthalene-1:2-diol do not appear 
to excrete 1-naphthol in the free state, even though 
the sulphuric acid and glucuronic acid conjugates 
of this compound are present in the urine. 


Isolation of unchanged 
1:2-dihydronaphthalene-1:2-diol 

The chromatographic examination of the urines 
of rats dosed with (+)-, (+)- and (—)-trans-1:2- 
dihydronaphthalene-1:2-diol showed that they 
contained 1:2-dihydronaphthalene-1:2-diol in the 
free state. This finding was confirmed by the 
isolation of the compound from the urine. 


(+)-trans-1:2-Dihydronaphthalene-1:2-diol. A dose of 
(+)-trans-1:2-dihydronaphthalene-1:2-diol as a 2% (w/v) 
solution in water was administered by intraperitoneal 
injection to each of four male hooded rats (average body 
wt. 180g.) on each of 2 successive days. The total dose 
given to each animal was 40 mg. The urine was collected 
for 3 days after the first dose was administered, filtered and 
extracted continuously for 20 hr. with peroxide-free ether. 
The ether extracts were evaporated to dryness under 
reduced pressure and the brown tarry residue so obtained 
was dried thoroughly over P,0;. cycloHexane was added to 
the residue and the mixture was boiled under reflux for 
20 min. The extract was then concentrated at room tem- 
perature and the crystalline material which separated was 
dried thoroughly by suction on the filter. By this means 
14 mg. of material in the form of pink silky needles were 
separated from the urine of the dosed animals. When an 
aqueous solution of the material was tested with diazotized 
sulphanilic acid in the presence of excess of 2n-NaOH, a 
very pale pink colour was obtained. When this test was 
repeated using an aqueous solution of the material which 
had first been heated in a boiling-water bath for 1 min. in 
the presence of acid, however, an intense cherry-red 
colour was formed. 1- and 2-Naphthol were identified by 
means of paper chromatography as the products formed 
when the compound was decomposed with acid. The com- 
pound melted at 101-102° and the m.p. was not depressed 
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by admixture with (+)-trans-1:2-dihydronaphthalene-1:2- 
diol, m.p. 100-101°. 

( +)-trans-1:2-Dihydronaphthalene-1:2-diol. After a por- 
tion had been used for the chromatographic studies 
described in the previous section, the ethanolic solution of 
the residue obtained from evaporated ether extracts of the 
urine of rats dosed with ( + )-trans-1:2-dihydronaphthalene- 
1:2-diol was treated as follows. The ethanolic solution was 
evaporated to dryness under reduced pressure and the 
brown tarry residue so obtained was dried thoroughly over 
P,O,. By means of the procedure described for the isolation 
of (+)-trans-1:2-dihydronaphthalene-1:2-diol 3mg. of 
pink crystalline material were isolated. When treated with 
diazotized sulphanilic acid in the presence of excess of 
2n-NaOH an aqueous solution of the material gave a 
positive test for naphthol after, but not before, acid de- 
composition. The compound melted at 123-125° and after 
admixture with an authentic sample of (+)-trans-1:2- 
dihydronaphthalene-1:2-diol (m.p. 126-127°) at 124~-126°. 
When the material was mixed with an equal quantity of 
( —)-trans-1:2-dihydronaphthalene-1:2-diol the m.p. was 
99-101°. 

( —)-trans-1:2-Dihydronaphthalene-1:2-diol. When the 
ethanolic solution of the residue obtained from the evapor- 
ated extract of the urine of rats dosed with (—)-trans-1:2- 
dihydronaphthalene-1:2-diol was subjected to the pro- 
cedure just described it yielded 4 mg. of pink crystalline 
material, m.p. 125-126°, unchanged by admixture with 
( —)-trans - 1:2-dihydronaphthalene-1:2-diol, m.p. 127°. 
When the material was mixed with an equal quantity 
of (+)-trans-1:2-dihydronaphthalene-1:2-diol the mixture 
melted at 102-105°. 


From these experiments it is apparent that 
excretion of unchanged (+)-, (+)- and (—)-érans- 
1:2-dihydronaphthalene-1:2-diol follows the ad- 
ministration of these compounds to rats. 


Tracer isotope studies 


Information concerning the nature of the sul- 
phuric acid derivatives excreted by rats dosed with 
naphthalene (Corner & Young, 1954) and 1:2- 
dihydronaphthalene-1:2-diol (this paper) has been 
obtained by the use of paper chromatography. 
Laidlaw & Young (1948, 1953) have shown that 
administered sodium sulphate labelled with ®S can 
participate in the formation in the rat of 2-amino-1- 
naphthylsulphuric acid from 2-naphthylamine and 
2-naphthylsulphuric acid from 2-naphthol. This 
suggested that the administration of **S-labelled 
sodium sulphate to the rat, together with 1:2- 
dihydronaphthalene-1:2-diol, followed by a radio- 
chromatographic examination of the urine, might 
lead to the detection of sulphuric acid derivatives 
for which no reference compounds were available. 
Experiments of this type were carried out and, for 
the purposes of comparison, the same method of 
investigation was applied to the study of the 
sulphuric acid derivatives in the urines of rats 
dosed with 1- and 2-naphthol and with naphthalene. 
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Methods. Chromatograms of the urines of the dosed 
animals were developed in the solvent system 5 (see 
Table 3). Paper strips 2-54 cm. wide were used, and after 
the chromatograms had been developed each strip was 
dried and marked along its length into 1 cm. sections. The 
paper strip was drawn underneath a metal plate in which 
there was a slot measuring 2-5 x 1-0 cm. Centred over the 
slot and immediately above it was a Geiger—Miiller tube 
(type EHM2S, General Electric Co. Ltd., London) con- 
nected to a counting apparatus, and the radioactivity of 
each lem. section of the strip was measured in turn. 
Further details of this method of measuring radioactivity 
on paper chromatograms are reported elsewhere (Lowen- 
stein, 1953). 

Animal experiments. Five male hooded rats, each 
weighing about 200 g., were housed in separate metabolism 
cages fitted with glass systems for the collection of urine 
separate from faeces. The animals were fed on the diet 
described earlier and were dosed subcutaneously as 
follows: rat 1, 32 mg. of (--)-trans-1:2-dihydronaphthalene- 
1:2-diol in 2 ml. of water; rat 2, 1 ml. of arachis oil; rat 3, 
200 mg. of naphthalene in 1 ml. of arachis oil; rat-4, 40 mg. of 
1-naphthol in 2 ml. of arachis oil; rat 5, 40 mg. of 2-naphthol 
in 2ml. of arachis oil. Immediately afterwards each animal 
was given an intraperitoneal injection of 0-5 ml. of an | 


aqueous solution of *S-labelled sodium sulphate con- } 


taining 1 mg. of sulphate-S and 0-1 mc of *S. The urine of 
each animal was collected for 24hr. after dosing and 


filtered. A chromatogram was developed from a 40yl. | 


sample of each urine and the paper strip was examined for 
radioactivity by the procedures already described. 


Results. By plotting radioactivity as counts/ 
min. against R, values graphs were obtained which 
indicated the positions on the chromatograms of 
radioactive compounds present in the urine. 
Diagrammatic representations of these radio- 
chromatograms are shown in Fig. 1. After the | 
chromatograms had been examined for radio- | 
activity they were suspended in fumes of HCl for 
30 min. at room temperature and then sprayed with 
diazotized sulphanilic acid followed by ammonia or 
with 2-chloro-4-nitrobenzenediazonium naphtha- 
lene-2-sulphonate (cf. Corner & Young, 1954). 
Except for a radioactive area with R, 0-49-0-53, 
this treatment produced coloured spots at positions 
on the chromatograms which corresponded to 
regions with peaks of radioactivity (see Table 4). 
The radioactive area which gave no colour reaction 
was one of low activity, and it was present on the 
chromatograms of all the urines including that 
obtained in the control experiment. Inorganic 
sulphate remained in the vicinity of the starting- 
line of the chromatograms. 

The information summarized in Table 4 shows 
that the urine of rats receiving either ( + )-trans-1:2- 
dihydronaphthalene-1:2-diol or naphthalene, to- 
gether with *S-labelled sodium sulphate, contained 
two radioactive metabolites. The R, value of one of 
these compounds and the colours which it gave | 
with the diazo reagents after its decomposition with 
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acid showed that it was 1-naphthylsulphuric acid. 
The second radioactive metabolite could not be 
identified with certainty because no reference 
compound was available. There was no evidence 
for the presence of this latter compound in the 
urines of rats dosed with *S-labelled sodium 
sulphate and either 1- or 2-naphthol. These urines 
were found to contain only one radioactive meta- 
bolite, namely the sulphuric acid conjugate of the 
naphthol administered. The relative sizes of the 
peaks of radioactivity observed on chromatograms 
of the urines of rats dosed with either (+ )-trans- 
1:2-dihydronaphthalene-1:2-diol or naphthalene 
show that these urines contained more of this 
unknown metabolite than of 1-naphthylsulphuric 
acid. 


Information concerning the rate of hydrolysis of the 
unknown *§-labelled metabolite was obtained from the 
following experiments. The urines of rats dosed with 1:2- 
dihydronaphthalene-1:2-diol and 1- and 2-naphthol were 
extracted with ether. A sample (1 ml.) of each urine was 
then adjusted to pH 1 with conc. HCl and heated in a 
boiling-water bath for 1 min. After being cooled the 
acidified urine was neutralized with NaOH, and 40yl. of 
the solution so obtained were placed on a paper chromato- 
gram which was developed in solvent system 5 (see Table 3). 
Similar experiments were performed in which 1 ml. samples 
of each urine were hydrolysed for 3 and 30 min. The three 
chromatograms for each urine were developed in the 
presence of a fourth spotted with 40 pl. of urine which had 
been adjusted to pH 1 with conc. HCl and neutralized 
immediately afterwards with NaOH. This fourth solution, 
therefore, contained approximately the same amount of 
inorganic material as each of the other three. All the 
chromatograms were examined for radioactivity by the 
procedures already described. Comparison of the patterns 
of the radiochromatograms showed that in each case the 
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Fig. 1. Radiochromatograms of the urines of rats dosed 
with **S-labelled sodium sulphate together with (-+)- 
trans-1:2-dihydronaphthalene-1:2-diol, arachis oil (control 
experiment), naphthalene, 1-naphthol, 2-naphthol. For 
details see text. 


Table 4. The radiochromatographic examination of the urines of rats dosed with *°S-labelled sodium sulphate 
simultaneously with ( + )-trans-1:2-dihydronaphthalene-1:2-diol, naphthalene and 1- and 2-naphthol 
For details of dosing see text. Solvent system 5 of Table 3 was used. The Rp values refer to those obtained from the 


peaks of radioactivity. The colours refer to those given by the radioactive spots when the papers were treated with HCl 
fumes and then sprayed with diazo reagents. Colours of spots: DR, dark red; O, orange; P, purple; Y, Yellow. 





Radioactive compounds present in the urine 


Colours 


ny, 
Diazotized 
sulphanilic NNCD 
Material administered Ry values acid reagent Metabolites 
Arachis oil 0-50 — _— — 
Naphthalene 0-76 DR Y 1-Naphthylsulphuric acid 
0-68 ¥ Unknown* 
0-53 — — — 
1:2-Dihydronaphthalene-1:2-diol 0-77 DR ¥ 1-Naphthylsulphuric acid 
0-66 | FP Unknown* 
0-51 — — — 
1-Naphthol 0-77 DR Y 1-Naphthylsulphuric acid 
0-50 a = ey, 
2-Naphthol 0-76 O - 2-Naphthylsulphuric acid 
0-49 a oe aa 


* Probably a conjugate of 1:2-dihydroxynaphthalene (see text). 
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%5S-labelled compound was completely hydrolysed in 
30 min. at pH 1 in a boiling-water bath, and that about 
80% of the compound was hydrolysed in 3 min. under 
these conditions. In the case of 1- and 2-naphthylsulphuric 
acid this is in accord with other observations on the rates of 
hydrolysis of these compounds (e.g. Boyland & Wiltshire, 
1953). The radiochromatograms obtained in the hydrolysis 
experiments with the urine of rats dosed with (-+)-trans- 
1:2-dihydronaphthalene-1:2-diol are shown in Fig. 2. They 
show that the unknown *§-labelled metabolite was 
hydrolysed at about the same rate as the 1-naphthyl- 
sulphuric acid present together with it in the urine, and 
that, in this respect, the unknown compound showed the 
characteristics of an arylsulphuric acid. 

After exposure to HCl fumes the region of the chromato- 
gram on which the unknown *S-labelled metabolite was 
located gave a purple colour with diazotized sulphanilic 
acid and also with the NNCD reagent. These colour 
reactions are shown by 1:2-dihydroxynaphthalene. Tests 
for the presence of this compound in free and conjugated 
forms were made on the urines of rats dosed with 
naphthalene, 1:2-dihydronaphthalene-1:2-diol, 1- and 2- 


1200 - Omin. 
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£ 
2 800 i 
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3 in. 
=> 
2 400 
g te min. 
2 a min. 
« 
< 0 
6 0 9 06 09 06 J 06 0 6 
Re 
Fig. 2. Radiochromatograms showing the effect of time of 


heating on the acid hydrolysis of **S-labelled compounds 
in the urine of rats dosed with *S-labelled sodium 
sulphate and (+)-trans-1:2-dihydronaphthalene-1:2-diol. 
For details see text. 
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naphthol. The urines were adjusted to pH 6-7, extracted 
with ether, and the ether extracts were examined by paper 
chromatography. A sample of each urine was then adjusted 
to pH 1 with conc. HCl and the acidified urine was heated 
in a boiling-water bath for 30 min. The urine was then 
adjusted to pH 6-7 with NaOH, extracted with ether, and 
the ether extract of each urine was examined by paper 
chromatography for the presence of 1:2-dihydroxynaph- 
thalene and other hydroxy derivatives of naphthalene, 
Synthetic 1:2-dihydroxynaphthalene was run on the 
chromatograms as a reference compound. 

The results obtained are given in Table 5. They 
show that 1:2-dihydroxynaphthalene was present 
in the form of an acid-decomposable precursor in 
the urine of rats dosed with naphthalene and with 
1:2-dihydronaphthalene-1:2-diol, but not in the 
urine of those dosed with 1- and 2-naphthol. In 
addition, it has been shown: (1) that after exposure 
to HCl fumes the radiochromatograms of the urines 
of rats dosed with naphthalene and with 1:2- 
dihydronaphthalene-1:2-diol gave colour reactions 
for 1:2-dihydroxynaphthalene in the areas corre- 
sponding to the location of the unknown *S- 
labelled metabolite; (2) that the unknown radio- 
active metabolite had an R, value close to that of 
1- and 2-naphthylsulphuric acid; (3) that it under- 


went hydrolysis at a similar rate to 1- and2- | 


naphthylsulphuric acid. 

These various observations suggest that 1:2- 
dihydroxynaphthalene may have been present as 
a sulphuric acid conjugate in the urines of the rats 
dosed with naphthalene and with 1:2-dihydro- 
naphthalene-1:2-diol. No evidence was obtained 
for the presence in these urines of a sulphuric acid 


conjugate of 1:2- dihydronaphthalene- 1:2-diol. If 


such a compound was present in smaller anne | 
than other sulphuric acid conjugates, and if its R, 
value was similar to the values shown by aan 
compounds, it is unlikely that it would have been 
detected. 
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Table 5. The chromatographic examination of ether extracts of neutralized and acid-hydrolysed urines 
of rats dosed with naphthalene, ( + )-trans-1:2-dihydronaphthalene-1:2-diol, and 1- and 2-naphthol 


Ry values, except those in heavy type, which refer to papers treated with HCl fumes before spraying, refer to papers 
Colours of spots: DR, dark red; O, orange; P, purple; Y, yellow. Chromatogram a: prepared from 
an ether extract of the neutralized urine. Chromatogram b: prepared from an ether extract of the acid-hydrolysed urine. 

Solvent system: benzene-glacial acetic acid—water (volumes mixed, 5:1:4). i 


sprayed immediately. 
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Ry values 
t - —— 
Dihydronaph- Colours 
Naphthalene thalene diol 1-Naphthol 2-Naphthol —_—" | 
urine urine urine urine Diazotized 
——+ cr % —7 —{ sulphanilic NNCD 
a b a b a b a b acid reagent Compounds 

0-95 0-96 — 0-96 0-95 0-95 os — DR - 1-Naphthol | 
0-90 090 0-90 0-89 _- “= 0-89 «0-90 O Y 2-Naphthol 

= 0-44 — 0-44 — oe — -- P r 1:2-Dihydroxynaphthalene | 
0-35 = 0-34 — — — — DR 7 1:2-Dihydronaphthalene- 
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2° 
The present work on the metabolism of 1:2-di- = = i 


hydronaphthalene-1:2-diol has provided evidence 
for the presence of the following compounds in the 
urine of rats dosed with this compound: free 1:2- 
dihydronaphthalene- 1:2-diol, 1:2-dihydro- 2 -hydr- 
oxy-l-naphthyl glucosiduronic acid (i.e. the 
glucuronide of the dihydrodiol), 1-naphthylsul- 
phuric acid, 1-naphthyl glucosiduronic acid, 2- 
naphthol, and a compound which yields 1:2- 
dihydroxynaphthalene on acid decomposition. All 
these compounds, with the exception of the pre- 
cursor of 1:2-dihydroxynaphthalene, have pre- 
viously been shown to be excreted by rats dosed 
with naphthalene (cf. Corner & Young, 1954). Free 
1:2-dihydroxynaphthalene has been reported pre- 
viously as a constituent of the urine of guinea pigs 
dosed with naphthalene (Corner & Young, 1954), 
and in the present work evidence has been obtained 
for the excretion of an acid-decomposable pre- 
cursor of this compound in the urine of rats dosed 
with naphthalene. The metabolic reactions which 
1:2-dihydronaphthalene-1:2-diol has been shown to 
undergo in the present work, together with some of 
the changes which naphthalene is known to under- 


| go in the rat are given in Fig. 3. 


Various authors (e.g. Boyland, 1948; Smith, 
1950; Young, 1950) have drawn attention to the 


' possibility that the conversion of aromatic hydro- 


carbons into phenols in vivo may involve per- 
hydroxylation of the hydrocarbon to form a 
dihydrodiol followed by conversion of this com- 
pound into a phenol by loss of the elements of 
water. Following the work in which they ad- 
ministered 1:2-dihydronaphthalene-1:2-diol to rats 
by injection, Boyland & Wiltshire (1953) concluded 
that their results, while they did not prove the 
point, were in agreement with the hypothesis that 
a dihydroxydihydro derivative is the normal 
precursor of naphthol. 

In the present work it was found that whereas 
free 2-naphthol was present in the urine of rats 
dosed with 1:2-dihydronaphthalene-1:2-diol, no 
evidence could be obtained for the presence of con- 
jugates of 2-naphthol. On the other hand, no free 
l-naphthol could be detected in the urine of the 
dosed animals, whereas both 1-naphthylsulphuric 
acid and l-naphthyl glucosiduronic acid were 
present. In attempting to interpret these findings 


| it is necessary to recall that in the rat 1- and 2- 
| naphthol follow metabolic pathways which are 
| similar from both the qualitative and quantitative 


ie 


standpoint (Berenbom & Young, 1951). It seems 
likely, therefore, that if free 1- and 2-naphthol 


| were formed during the metabolism of 1:2-dihydro- 


_ haphthalene-1:2-diol they would give similar 





excretory products. A possible explanation of our 
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». Reactions undergone by 1- and 2-naphthol in the rat 
mply that this compound is present in the urine as an 


ures on arrows refer to: 1, this paper; 2, Corner & Young (1954); 3, Young (1947); Booth & Boyland 


the rat compared with that of naphthalene 
. Brackets enclosing 1:2-dihydroxynaphthalene i 


-dihydronaphthalene-1:2-diol in 
re indicated by broken arrows 


unidentified acid-decomposable precursor (see text). Fig 


(1949); 4, Berenbom & Young (1951). 


Fig. 3. The metabolism of 1:2 
have been included and a 
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observations following the administration of 1:2- 
dihydronaphthalene-1:2-diol to rats is that some 
of this compound is first conjugated with glu- 
curonic acid or sulphuric acid in the 1-position, and 
that decomposition of the conjugated compound 
in the organism gives rise to the correspond- 
ing conjugate of 1-naphthol in addition to free 
2-naphthol: 


R=—SO,H or —C,H,O, 


Some support for this hypothesis is provided by the 
finding that the urine of rats dosed with 1:2- 
dihydronaphthalene-1:2-diol contains 1:2-dihydro- 
2-hydroxy-1-naphthyl glucosiduronic acid, a com- 
pound originally shown to be present in the urine of 
animals dosed with naphthalene (Corner e¢ al. 1954; 
Corner & Young, 1954). As yet there is no evidence, 
however, to show that 1:2-dihydronaphthalene- 
1:2-diol undergoes conjugation with sulphuric acid 
in the animal body. 

The present work has shown that when either 
naphthalene or its dihydrodiol is administered to 
rats, together with *S-labelled sodium sulphate, at 
least two radioactive metabolites are excreted in 
the urine. One of these is 1-naphthylsulphuric acid. 
The other *S-labelled metabolite has not been 
identified, but there are grounds for believing that 
it may be a sulphuric acid conjugate of 1:2- 
dihydroxynaphthalene. If this is so, it suggests 
that dehydrogenation of 1:2-dihydronaphthalene- 
1:2-diol or its conjugates takes place in the organism 
(cf. Young, 1950). 

Our finding that 1:2-dihydronaphthalene-1:2- 
diol and all the compounds to which it has so far 
been shown to give rise in the organism are also 
metabolites of naphthalene is consistent with the 
view that dihydrodiol formation is a step in the 
metabolic conversion of hydrocarbons into phenolic 
compounds. It does not exclude the possibility, 
however, that there are other metabolic pathways 
which lead to phenol formation. 


SUMMARY 


1. A study has been made of the metabolism of 
1:2-dihydronaphthalene-1:2-diol in the rat. 
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2. By means of paper chromatography the 
urines of rats dosed with (+)-, (+)- and (—)- 
trans-1:2-dihydronaphthalene-1:2-diol have been 
shown to contain 1:2-dihydronaphthalene-1:2-diol, 
1:2-dihydro-2-hydroxy-l-naphthyl glucosiduronic 
acid, 1-naphthyl glucosiduronic acid, 1-naphthyl- 
sulphuric acid (1-naphthyl hydrogen sulphate) and 
2-naphthol. 


OR | 


—HOR 


Ce 


3. Isolation experiments have provided evidence 
that the free 1:2-dihydronaphthalene-1:2-diol ex- 
creted is of the same optical form as that ad- 
ministered. 

4. The urines of rats dosed with naphthalene | 
and with 1:2-dihydronaphthalene-1:2-diol have 
been found to contain a compound which yields 
1:2-dihydroxynaphthalene on acid decomposition. 

5. Additional evidence that 1-naphthylsulphuric 


or 


= 


acid is a metabolite of naphthalene and of 1:2- 
dihydronaphthalene-1:2-diol has been obtained 
from experiments in which these last two com- 
pounds were administered to rats dosed with *S- | 
labelled sodium sulphate. The excretion of a | 
second acid-decomposable metabolite containing *S 
occurred in these experiments, and the possibility 
that this compound was a sulphuric acid conjugate 
of 1:2-dihydroxynaphthalene is discussed. 
6. All the metabolites of 1:2-dihydronaph- | 
thalene-!:2-diol identified in the present work are 
known to be formed from naphthalene in the rat. 
This and other aspects of the metabolism of the | 





dihydrodiol are discussed. 
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The Branched-Chain Fatty Acids of Ox Fat 
2. THE ISOLATION OF 15-METHYLHEXADECANOIC ACID* 


By R. P. HANSEN, F. B. SHORLAND anp N. JUNE COOKE 
Fats Research Laboratory, Department of Scientific and Industrial Research, Wellington, New Zealand 


(Received 15 February 1955) 


Earlier investigations on the minor constituents of 
ox suet fat indicated the presence of trace quantities 
of the C,, anteiso-acid 14-methylhexadecanoic acid 
(Hansen, Shorland & Cooke, 1952). Examination 
of a further sample of the fat surrounding the 
kidneys of oxen has shown that the C,, iso-acid, 
15-methylhexadecanoic acid, also is present. 


EXPERIMENTAL 


Approximately 14-5 kg. ox perinephric fat (sample J/21, 
comprising the fatty tissue surrounding the kidneys and 
extending about 6 in. along the body) were steam-rendered 


* Part 1: Hansen, Shorland & Cooke (1952). 





to yield 11-6 kg. glycerides (acidity 0-83% expressed as 
oleic acid). After the free fatty acids had been neutralized 
with aqueous NaOH and the soaps removed by repeated 
washing with water, the glycerides (sap. equiv. 285-0, 
iodine value 33-3) were hydrogenated at 180° and at 
atmospheric pressure with the aid of a nickel catalyst 
supported on kieselguhr. Part of the hydrogenated fat 
(iodine value 0-3, m.p. 59-0-61-5°) was saponified, converted 
into fatty acids and steam-distilled. Of the fatty acids non- 
volatile in steam, 7150 g. were crystallized four times from 
10 vol. acetone at approximately -20°, resulting in 
734-5 g. ‘liquids’ and 6285 g. ’solids’. The ‘liquid’ acids 
were converted into methyl esters and 727-2 g. were 
fractionated in a Stedman column, yielding 22 fractions 
and a residue as shown in Table 1. 





Table 1. Fractional distillation of the ‘liquid’ methyl esters (727-2 g.) of ox perinephric fat 


Wt. of Sap. Todine 

methyl equiv. value of 

esters methyl methyl 
Fraction (g.) esters esters 
J/21, L1 5-01 237-2 4-5 
J/21, L2 6-27 252-3 3-4 
J/21, L3 9-10 245-1 2-0 
J/21, L4 14-70 252-5 0-9 
J/21, L5 31-33 245-4 0-0 
J/21, L6 30-01 254-6 0-0 
3/21, L7 38-00 243-2 0-2 
J/21, L8 37-97 245-0 0-1 
J/21, L9 38-61 248-5 0-0 
J/21, L10 40-48 258-3 0-6 
J/21, Lil 35-36 266-6 0-0 
J/21, L12 38-06 272°1 0-9 
J/21, L13 41-59 272-3 0-0 
J/21, L14 41-72 273-1 0-0 
J/21, L15 40-78 275-2 0-0 
J/21, L16 38-83 282-2 1-4 
J/21, L17 40-42 288-6 1-8 
J/21, L18 34-94 298-6 4-0 
J/21, L19 36-95 302-6 4-8 
J/21, L20 42-69 299-2 15-5 
J/21, L21 32-61 299-4 32-3 
J/21, L22 6-05 375-4 40-3 
J/21, LR 31-90 723-5 58-6 


Sap. 
M.p. methyl esters equiv. M.p. acidst 
(°) acids} (°) 
— 25-0 to — 23-1 169-5 18-0-21-2 
- 95to -— 85 185-7 23-0-26-5 
- 18to -— 03 199-7 36-8-38-2 
11-5-12-7 222-9 44-8-47-0 
10-0-15-0 228-9 52-0-52-4 
17-1-17-6 229-2 52-8-53-2 
15-2-19-5 229-2 53-8-54-1 
16-3-17-0 230-5 §2-2-52-8 
13-7—-14-5 233-5 47-7-49-3 
—1-0— 0-2 239-7 37-0-39-0 
5-0- 65 244-0 40-0-40-7 
22-8-23-8 254-2 55-0-56-3 
23-9-25-9 256-8 57-2-59-3 
25-8-26-5 257-7 58-0-59-8 
17-2-19-2 260-8 57-3-58-2 
10-4-13-5 265-7 47-8-49-0 
4-8— 8-2 271-1 37-8-39-5 
22-0-22-9 280-7 42-0-48-0 
28-9-30-6 288-0 60-0-61-1 
22-0-24-0 283-4 61-8-63-9 
26-8—29-0 275°8 46-3-48-5 
16-8-17-2 282-1 49-0-52-5 
a 283-3 — 


+ Freed from unsaponifiable matter. 
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Two of these fractions, J/21, L16 and J/21, L17, are 
relevant to this paper. When freed of unsaponifiable 
matter, combined as acids (denoted U1) and converted into 
methyl esters, they were refractionated in column C 
(Shorland, 1952). Seventeen fractions (U1 L1-U1 L17) and a 
residue resulted, of which the following were further investi- 
gated for the purpose of this paper: U1L7, 4-56 g., m.p. 
4-2-5-7°, sap. equiv. 281-5; U1L8, 6-82 g., m.p. 2-0-4-0°, 
sap. equiv. 283-1; U1 L9, 4-35 g., m.p. 1-2-3-0°, sap. equiv. 
283-2; U1L10, 5-47 g., m.p. 1-5-3-5°, sap. equiv. 283-3; 
U1LI1, 6-73 g., m.p. 1-2-3-0°, sap. equiv. 283-4; U11L12, 
3-52 g., m.p. 0-0-1-7°, sap. equiv. 283-6; U1L13, 3-11 g., 
m.p. 1-0-3-0°, sap. equiv. 283-3. 

Fractions U1L7-U1L13 inclusive were combined 
(denoted U6), and refractionated in column E (Shorland, 
1952) as shown in Table 2. 





Table 2. Fractional distillation of U6 methyl 
esters (34-0 g.) 





Wt. Sap. M.p. 
Fraction (g.) equiv. (°) 
U6L1 107 2755  10-0-10-4 
U6L2 102 2752 95-100 
U6L3 118 280-7 60-68 
U6L4 085 2801 55-65 
U6L5 3-40 2821 30-40) 
U6L6 466 2835 25-35 
U6L7 2:86 2833  2-7-35 
U6L8 432 2826 25-35 | Donoted 
U6L9 264 2839 18-25 » 
U6LIO0 316 2834 22-30 
U6LIL 2:99». 283-7 = 0-2-1-7 
U6L12 3-31 2832 -0-3-+60 
U6LR 259 2903 se 





Of the resulting fractions, U6 L5-U6 L11 were combined 
(denoted U12) and the acids (22-59 g.) were crystallized 
successively from 40 vol. of the following solvents at — 40°: 
light petroleum b.p. 40-60° (twice), acetone (twice), ether 
(six times). After each crystallization the soluble fraction 
was removed and the insoluble material recrystallized. The 
final crystallization from 40 vol. of ether at — 40° yielded a 
soluble fraction U12S9L, wt. 0-21 g., m.p. 59-0-59-6° and 
an insoluble fraction U12S98, wt. 3-21 g., m.p. 60-2-60-4°. 

The chemical and physical properties of U12S9S were as 
follows: acid, sap. equiv. 270-4; iodine val. 0-0; combustion 
analysis, C, 75-4; H, 12-5%; m.p. 60-2-60-4°; when mixed 
in equal proportions with a sample of synthetic 15-methyl- 
hexadecanoic acid supplied by Stenhagen (Arosenius, 
Stallberg, Stenhagen, Tagtstrém-Eketorp, 1949, m.p. 
recorded as 59-3-59-8° but uncorrected m.p. observed here 
with a standardized thermometer 60-2-60-9°) gave mixed 
m.p. 60-4-60-7°; when mixed in equal proportions with a 
sample of n-heptadecanoic acid from mutton fat (O2S3LSS, 
m.p. 61-3-61-4°, Hansen, Shorland & Cooke, 1954a) gave 
mixed m.p. 54-8-55-4°; X-ray long-spaciag 33-0+0-54; 
C-methyl value 7-07 %, equivalent to 1-28 mol. acetic acid; 
ni? 1-4315 (value observed here for sample of 15-methyl- 
hexadecanoic acid supplied by Stenhagen (Arosenius e¢ al. 
1949) n7? 1-4317). Methyl ester, m.p. 18-3-18-9°; nf 1-4419, 

The following are the corresponding data for 15-methyl- 
hexadecanoic acid (calc. for C,,H,,0,), sap. equiv. 270-4, 
iodine val. 0-0, combustion analysis, C, 75-4%, H, 12-56%; 
m.p. 60-2° (Weitkamp, 1945), 59-3-59-8° Arosenius ef al. 


R. P. HANSEN, F. B. SHORLAND AND N. J. COOKE 


1955 


1949), 59-5-60-0° (Weitzel & Wojahn, 1951); X-ray long- 
spacing 33-354 (Arosenius et al. 1949). 

X-ray measurements were made with a Philips Geiger 
X-ray spectrometer using manganese-filtered iron Kz 
radiation. 

Samples were melted on a glass slide and quickly cooled, 
All melting points were determined in closed capillaries and 
are uncorrected. Combustion analysis and C-methyl 
determinations were made by Weiler & Strauss, Oxford. 


DISCUSSION 


The chemical and physical properties of fraction 
U12S9S agree closely with the recorded data for 
the C,, tso-acid 15-methylhexadecanoic acid, and 
the absence of mixed melting point depression is 
further evidence that the two substances are 
identical. When, however, fraction U12S9S was 
mixed in equal proportion with a sample of n- 
heptadecanoic acid, the melting point was de- 
pressed by 5° as would be expected with a mixture 
of an odd-numbered iso-acid and its corresponding 
normal acid (cf. Hansen, Shorland & Cooke, 19545), 
Although it was earlier suspected that the C,, 
iso-acid 15-methylhexadecanoic acid was present in | 
butterfat (Hansen & Shorland, 1951), the investi- | 
gation reported in this paper represents the first | 
irrefutable isolation of this acid from a natural fat. 
As hydrogenation was employed in the procedure 
adopted, this work does not preclude the possi- 
bility that the acid was formed, in whole or in part, | 


by the addition of hydrogen to an unsaturated C,, 
acid. However, as (+)-12-methyltetradecanoic 
acid and 13-methyltetradecanoic acid (Shorland, 
Gerson & Hansen, 1955) and a multi-branched Cy, 
acid (Hansen & Shorland, 1953) have been ex- 
tracted from butterfat by methods which did not 
involve hydrogenation, it is thought probable that 
15-methylhexadecanoic acid also occurs as such in 
the natural ox fat. 

Although the melting points of iso-acids are less 
than 1° below those of the corresponding normal 
acids (cf. Weitkamp, 1945; Cason, 1948; Hansen, 
Shorland & Cooke, 1954c,d), a relatively big 
difference exists between the melting points of the 
methy] esters of iso- and normal-acids. The methyl 
ester of the C,, iso-acid has m.p. 18-3-18-9°, while 
that of the normal C,, acid has m.p. 28-6° (Francis 
& Piper, 1939), a difference of 9-7°. Similar 
differences exist between the methyl ester of the 
C,; iso-acid (m.p. 9-4°, Hansen et al. 1954c) and | 
that of C,, normal-acid (m.p. 18-5°, Ralston, 1948) 
and between the methyl ester of the C,, iso-acid 
(m.p. 5-0-6-0°, Hansen et al. 1954d) and that of the 
C,,normal-acid (m.p. 18-8°, Francis & Piper, 1939). 

In this investigation on ox perinephric fat 15- 
methylhexadecanoic acid is estimated to be 
present to the extent of about 0-06 % of the total 
fatty acids. 
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SUMMARY 


The C,, branched-chain fatty acid 15-methyl- 
hexadecanoic acid has been isolated in trace 
quantities (approximately 0-06% of total fatty 
acids) from hydrogenated ox perinephric fat. 


We wish to acknowledge gratefully the assistance 
rendered by Mr M. Fields, Soil Bureau, Department of 
Scientific and Industrial Research, Wellington, New 
Zealand, who measured the X-ray long-spacings reported 
in this paper. To Professor E. Stenhagen, Institute of 
Medical Chemistry, Uppsala University, Sweden, we are 
indebted for a pure synthetic sample of 15-methylhexa- 
decanoic acid. 
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The Composition of Collagen and Acid-Soluble Collagen of Bovine Skin 
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(Received 6 January 1955) 


The partial dissolution of collagen in dilute solu- 
tions of weak acids, such as formic and acetic, has 
been known for some years, and has been ex- 
tensively studied by Nageotte (1927a,b, 1928, 
1930, 1933), Nageotte & Guyon (1933), Leplat 
(1933), and Fauré-Fremiet (1933). Interest in this 
soluble protein has been revived in recent years by 
the work of Orekhovich and his colleagues in the 
U.S.S.R., who report the extraction of a soluble 
collagenous-type protein from the skin of various 
animals using dilute citrate buffers, and which 
they suggest is a soluble precursor of collagen 
(Plotnikova, 1947; Tustanovskii, 1947 ; Orekhovich, 
Tustanovskii, Orekhovich & Plotnikova, 1948; 
Chernikov, 1949; Orekhovich, 1950, 1952). The 
information regarding these various soluble col- 
lagens has recently been reviewed by Harkness, 


| Marko, Muir & Neuberger (1954). These authors 


also report the presence of a small amount of a 
protein of collagen type which is extracted from 
skin by dilute phosphate, pH 9-0 (alkali-soluble 
collagen). On the basis of experiments on the 


feeding of labelled glycine to rabbits they conclude 
that this is a true precursor of collagen, whereas the 
metabolic role of the acid-soluble collagen de- 


scribed by Orekhovich is less certain, and it is not 
necessarily an intermediate in the formation of all 
the insoluble collagen of the skin. 

Harkness e¢ al. (1954) determined the hydroxy- 
proline and: tyrosine content of the alkali-soluble 
and acid-soluble collagen, and also of the gelatin 
obtained from the remaining insoluble collagen. 
Both soluble collagens contained less tyrosine and 
more hydroxyproline than the insoluble collagen, 
and the acid-soluble had a higher hydroxyproline 
and tyrosine content than the alkali-soluble 
collagen. Similar differences have been observed 
by Bowes, Elliott & Moss (1953) between the 
hydroxyproline and tyrosine content of the acid- 
soluble collagen of calf skin and the adult collagen 
of ox hide; and between the acetic acid-soluble and 
insoluble fractions of tendon collagen. 

A complete analysis of the acid-soluble collagen 
of caif skin has now been carried out in order that 
a more detailed comparison may be made with 
that of adult collagen. A preliminary account of 
some of these results has already been given 
(Bowes e¢ al. 1953). The chromatographic method of 
Moore & Stein (1951) was used for the determina- 
tion of the amino acids, and it was thought 
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desirable to repeat the analysis of ox-hide collagen 
using this method, so that direct comparison of the 
two proteins could be made. 

In view of the apparent influence of polysac- 
charide on the dispersion of collagen in dilute acid 
solutions (Jackson, 1953) some further investiga- 
tions on the sugars and amino sugars present in 
collagen and acid-soluble collagen have also been 
made. 


EXPERIMENTAL 


Preparation of proteins 


The ox-hide collagen was from the same batch as that used 
in previous investigations (Bowes & Kenten, 1948a, b). 
It was originally prepared from the middle layer of a 
hide taken from a 2-year-old bullock immediately after 
flaying. 

The acid-soluble collagen was prepared from the skin of 
a 6- to 8-month-old bull calf by the method described by 
Orekhovich et al. Immediately after flaying the skin was 
shaved, cut into pieces about 1 cm.? and disintegrated in a 
Wiley mill (A. Thomas and Co. Philadelphia). It was 
necessary to stop the mill at intervals and remove the 
macerate by hand since it would not go through even the 
coarsest sieve. The macerated material (1800 g.) was 
placed in a cotton bag and extracted as indicated in 
Table 1, first with 0-1mM-Na,HPO,, pH 8-6, and then with 
0-12M sodium citrate buffer, pH 3-62. 

After the last phosphate extraction the macerate was 
suspended for a short time in two 3-l. portions of the 
citrate buffer in order to remove the phosphate buffer 
before going on to the citrate extractions proper. Each 
extraction was for a period of 24 hr., during which time the 
contents of the bag were agitated intermittently. All 
extractions were carried out between 2 and 4°. The 
macerated skin swelled considerably during the extrac- 
tions; as much liquid as possible was squeezed out after 
each extraction, but relatively large amounts remained 
behind. After the last extraction special efforts were made 
to squeeze out liquid, and the relatively high protein 
content of this extract suggests that some liquid remaining 
from the earlier extractions was removed from the inter- 
stices of the protein. A small amount of the macerate 
(5g.) was further extracted with successive 200-ml. 
portions of the citrate buffer. Samples were taken at 
various stages, dehydrated with acetone, and total nitrogen 
and hexosamine determinations were carried out. 

The protein in the citrate extracts was precipitated by 
the addition of sufficient 30% (w/v) sodium chloride solu- 
tion to bring the final concentration to 5% (w/v). The next 
morning the lower clear layer of liquid was withdrawn, and 
the top layer, containing the protein in a gelatinous form, 
was centrifuged. The precipitate was washed with a small 
amount of water and dehydrated with acetone, it having 
first been ascertained that this did not apparently alter the 
solubility of the extracted protein. The precipitated protein 
was further purified by redissolving in citrate buffer and 
dialysing against tap water. 

The citrate-soluble collagen was converted into gelatin 
by heating a 2 % (w/v) suspension in slightly acidified water 
to 40° for 5 min. The protein went into solution during the 
heating and on cooling the solution set to a gel. 
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Chemical analyses 


Total nitrogen. This was determined according to the 
method of Chibnall, Rees & Williams (1943). 

Amide-nitrogen. The method described by Bailey (1937) 
and Lugg (1938c) was used. 

Amino-nitrogen. The free amino-nitrogen was determined 
by the Van Slyke manometric procedure using a modified 
reaction chamber as described by Doherty & Ogg (1943). 


Amino acids. With the exception of hydroxyproline, i 


amino acids were determined colorimetrically with nin- 
hydrin following separation on an ion-exchange resin 
(Moore & Stein, 1951). The columns used were of slightly 
greater diameter (1-0 cm.) than those used by Moore & 
Stein; this resulted in the complete separation of tyrosine 
and phenylalanine on the 100 cm. column, and the partial 
separation of hydroxylysine and histidine on the 15 cm, 
column used for the separation of the basic amino acids, 
The length of this column was increased to 20cm. to 
improve this separation, and that of a third constituent 
eluted in the same range. 

The individual peaks were identified by comparison with 
the behaviour of known amino acid mixtures run on similar 
columns and, in some instances, by paper chromatography. 

In the colorimetric determination 2 ml. of ninhydrin were 
used. In order to keep the blank readings low it was 
necessary to redistil the methoxyethanol, and to re- 
crystallize the ninhydrin. The citrate buffer used for 
making up the ninhydrin was shaken up with Dowex-5t 
resin (sodium form) to remove ammonia, and stored over 
this resin. Ethanol was used in place of propanol in the 
diluent. Several runs were made on each protein using 


different hydrolyses, at least two and in many cases up to | 


four determinations being made of each amino acid. 

For the majority of the amino acids the estimated error 
was +3% or less. In particular, for the amino acids for 
which differences between collagen and citrate-soluble 
collagen are reported, the estimated errors were: tyrosine 
+4%; leucine +2%; isoleucine +3%; aspartic acid 
+4%. Rather greater errors were obtained with lysine 
(45%), valine, serine and threonine (+6%) and methio- 
nine (+8%). These greater errors are probably due to 
variable losses during hydrolysis and, in the case of valine, 
to the small amount present and the rather flat peak which 
it gives. Values for histidine and hydroxylysine were also 
rather variable owing to the considerable overlap of the 
peaks in this region. Values were chosen from the runs 
which gave the most satisfactory separation. 

Two different methods of hydrolysis were used: conc. 
HCl in a sealed tube at 105° for 16 hr. and 6N-HCI under 
reflux for 24 hr. There was no evidence of any variations 
due to the method of hydrolysis. 

Hydroxyproline. The method described by Neuman & 
Logan (1950) was used. Experiments carried out on the 
method of hydrolysis showed no evidence that hydrolysis 
under pressure (25 lb./in.2) with 6N-HCl for 6 hr., under 
reflux with 6N-HCl for 24 hr. or 48 hr., or in a sealed tube 
with conc. HCl at 105° for 16, 24 or 48 hr. gave essentially 
different results. In all the experiments recorded, about 
200 mg. protein were hydrolysed with 10 ml. cone. HClina 
sealed tube at 105° for 16 hr. and the hydrolysate made up 
to 11. At this dilution no neutralization of the 1 or 2 ml. 
sample taken for the determination was necessary. In the 
colorimetric determination the volumes of the reagents used 
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by Neuman & Logan were doubled, and after development 
of the colour the final volume was made up to 25 ml. with 
distilled water. The concentration of CuSO, was increased to 
005m as recommended by Baker, Lampitt & Brown 
(1953). Readings were made on a Hilger Spekker ab- 
sorptiometer using 2-cm. cells and an Ilford filter, no. 605 
(max. transmission, 530-575 my.). Determinations were 
carried out in triplicate on each of two separate hydro- 
lyses. In each determination four samples of the unknown 
were treated together with four standards in duplicate. 
Standard deviation for determinations on collagen 0-14 
and for citrate-soluble collagen 0-18. 

In making earlier determinations it was observed that 
the rate at which the H,O, was added was important. If 
the peroxide was added slowly with shaking the optical 
density of the hydroxyproline standards was greater than 
when it was added rapidly, but that of the unknowns con- 
taining the protein hydrolysate was not always similarly 
affected. Consequently low, and variable, values for the 
unknowns were often obtained. In all the determinations 
recorded the peroxide was added rapidly and the flasks 
shaken three or four times over a period of 5 min. 

It was also observed that with some batches of propanol 
the colour was found to fade relatively rapidly, and these 
were discarded. 

Hexosamine. The method of Elson & Morgan (1933) as 
modified by Blix (1948) was used. The reproducibility of the 
determination was +5% and the recovery of glucosamine 
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modification of the method of Lugg (1938a). Owing to the 
very small amount of sulphate S present in collagen, it was 
necessary to adapt the method to a microscale and to make 
corrections for sulphate present in the reagents used. 
Recovery of sulphate added to collagen was 93%, and the 
appropriate corrections were made to the values obtained 
for collagen alone. In view of the very small amounts 
present, and the larger amount of protein required, these 
determinations were not repeated on the citrate-soluble 
protein. 

Free amino groups. The technique described by Sanger 
(1945), using 1-fluoro-2:4-dinitrobenzene, was used for the 
identification and determination of the free amino groups. 
Details of the methods of treatment, separation and 
identification have already been described (Bowes & Moss, 
1953). 


RESULTS 
Extraction of skin 


The nitrogen extracted with phosphate buffer 
represents about 5-5 % of the total nitrogen of the 
macerated skin (Table 1). Protein was precipi- 
tated on the addition of ammonium sulphate to 
half and full saturation, and was assumed to con- 
sist of albumins and globulins, respectively. This 
fraction was not examined further. 


Table 1. Extraction of calf skin (1800 g.) 
For details see text. 


Nitrogen content 


Volume of extracts Nitrogen as % total 
Volume recovered (mg./ml.) nitrogen of macerate 
added to from A—_—___. 
macerate macerate Before After Total Extracted 
Extracting buffer (litres) (litres) pptn. pptn. extracted and pptd. 
0-1m-Na,HPO, (pH 86) 
1 10-0 8-6 0-19 — 1-95 — 
2 10-0 8-3 0-36 — 3-55 
Total 5-50 
0-12M Citrate (pH 3-62) 
1 10-0 9-2 0-19 0-05 2-08 1-47 
2 10-0 11-3 0-07 0-03 0-94 0-46 
3 3-0 3-5 0-44 0-08 1-91 1-52 
Total 4-93 3-45 
Further extractions on 5 g. macerate (ml.) (ml.) 
4 200 — 0-08 — — — 
5 200 va 0-05 _ we - 
6 200 — 0-02 a sie = 


In six further extracts the nitrogen varied from 0-022 to 0-015 mg./ml. 


added to collagen was high (105-110%). In subsequent 
experiments it was found that there was considerable 
interference from the other constituents of the hydrolysate 
(see Appendix). 

The values recorded in Table 2 are uncorrected for this 
interference, but although too high are probably compar- 
able with one another. 

Total and sulphate sulphur. Total S was determined by 
the method of Barritt (1934) modified to deal with small 
amounts of sulphur. Sulphate S was determined by a 


10 


A similar proportion of the total nitrogen 
(4.9%) was extracted in the first three main 
citrate extractions. Further small amounts were 
extracted in the subsequent treatments of a 5g. 
portion, the amounts finally becoming approxi- 
mately constant after the sixth extraction at about 
0-02 mg. nitrogen per ml. 

On the addition of sodium chloride to the three 
citrate extracts between 50 and 80 % of the protein 
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was precipitated. The protein remaining in solution 
probably consisted partly of albumins and glo- 
bulins not completely removed by the phosphate 
buffer, since the addition of ammonium sulphate 
precipitated a further 10% of the total nitrogen 
of the extract. Some of the citrate-soluble collagen 
also probably remained in solution since the pre- 
cipitation is unlikely to be complete. There is also 
the possibility of an additional protein fraction, for 
it has since been found that 10-30% of the nitro- 
gen in citrate buffer and acetic acid solutions of 
tendon collagen is not precipitated by sodium 
chloride, even after continued extraction makes the 
presence of albumins and globulins from the tissue 
fluids extremely unlikely. This nitrogen was in the 
main non-dialysable, and a preliminary analysis 
indicated that the hydroxyproline content was 
negligible, the glycine, alanine and proline con- 
tents were relatively low, and the tyrosine, leucine, 
aspartic acid and amide contents high. It would 
appear, therefore, to represent a non-collagenous 
fraction. 

The hexosamine content of the macerate was 
unaffected by the phosphate extractions, but was 
appreciably decreased by the treatments with 
citrate buffer (Table 2). The citrate extract con- 
tained a relatively high proportion of hexosamine 


Material 
(g./100 g. moisture- and ash-free protein) 


Calf skin: 
After maceration 
After phosphate extraction 
After citrate extraction 
Precipitate from citrate extract: 
Citrate-soluble collagen 


First citrate extract: 
Before precipitation 
After precipitation 
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Table 2. Nitrogen and hexosamine content of extracts and skin 


(mg./100 ml. extract) 


Hexosamine 
Hexosamine* Nitrogen Nitrogen 

0-41 17-66 0-023 
0-42 —_— seas 

0-34 17-85 0-019 
0-19 17-70 0-011 
0-78 19-2 0-046 
0-54 4-9 0-110 


* Uncorrected values see p. 145. 
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under the microscope (phase contrast), the forma- 
tion of definite fibre-like particles could be seen, 
Some of the staining reactions of this fibrous net- 
work are listed in Table 3. The precipitate was 
fixed in Zenkers’ fixative (K,Cr,0, + HgCl, + acetic 
acid). It would appear that the staining properties 
lie between those of collagen and reticular tissue. 

The protein was soluble in dilute buffers or 
slightly acidified water to the extent of about 
0-5 g. per 100 ml. Solubility was slightly increased 
in the presence of small amounts of salts and 
decreased with rise in pH. 

On heating in water above 40° for a few minutes 
and cooling, the solution set to a gel, owing pre- 
sumably to conversion into gelatin. The rigidity of 
such a gel containing the equivalent of 2 g. protein 
in 100ml. 0-05m acetate buffer at pH 5-0 was 
determined by Mr P. R. Saunders of the British 
Gelatine and Glue Research Association. The 
determination was made at 10° after maturing for 
17hr. at the same temperature and a value 
of 12000dynes/em.2 was obtained. Gelatins 
of similar rigidity have been prepared in the 
B.G.G.R.A. Laboratories from skin and tendon, 
but high-grade commercial gelatins under the same 
conditions have lower values of the order of 
9000 dynes/cm.?. 


























































in relation to nitrogen, but only a small amount of 
this was carried down with the precipitated protein, 
the hexosamine/nitrogen ratio of the solution being 
increased to 0-11. These hexosamine determinations 
were only corrected for the colour of the hydro- 
lysate in the absence of added Ehrlich’s reagent, 
and not for interference of other constituents of the 
hydrolysate. 


Properties of citrate-extracted protein 


The precipitate formed on the addition of 
sodium chloride to the citrate extract of calf skin 
was fibrous in appearance and, when observed 






Table 3. Staining reactions of citrate-soluble collagen 





Reaction 


Red brown—more deeply 
staining than collagen 


Faintly positive like 


Stain 





Iodine 





Periodic acid-Schiff 









collagen 
Azan and Mallory’s triple Dense blue like collagen 
stain and reticulin 
Haem alum and basic Not stained, resembling 
stains collagen and reticulin 
Silver Purple to black—like reti- 





culin rather than collagen 
Not metachromatic 








Toluidine blue 


CORRIGENDUM 


The composition of collagen and acid-soluble collagen of bovine skin 


By JoaNneE H. Bowes, R. G. Extiorr and J. A. Moss 
Volume 61 (1955) 
p. 147, Table 4, Cols. 1 and 2 


for Histidine 0-05 read Histidine 0-45 





ee 


ey 


ne eee 








Vol. 61 





Composition of collagen and procollagen 





The amino acid composition of adult ox-hide 
collagen, and of the citrate-soluble collagen of calf 
skin, both determined by the technique of Moore & 
Stein (1951), are given in Table 4. The composition 
of the same ox-hide collagen as reported in 1948 
(Bowes & Kenten, 1948a) is also given for com- 
parison. 















Citrate-soluble protein 








residues/ 
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agrees better with the Van Slyke value for free 
amino nitrogen than did the previous figure, and 
the new value for arginine is only slightly lower 
than that obtained by flavianate precipitation 
(14-40%) on the same material (Bowes & Kenten, 
19486). It was suggested at the time (Bowes & 
Kenten, 1948 a) that the values for the dicarboxylic 
acids determined by the method of Consden, 
Gordon & Martin (1948) might be low, and the 








Table 4. Amino acid content of ox-hide collagen and of citrate-soluble collagen of calf skin 


Ox-hide collagen 


Ox-hide collagen as reported 1948* 





residues/ 














Oo 
protein N g./100g. 100g. m-moles/g. piotahe N g./100 g. 100g. m-moles/g. N _ g./100g. 
| Total N -— 17-70 —— _ 18-60 - — 18-60 
Amino N 2-65 0-49 — 0-35 2-50 0-46 -- 0-33 2-50 0-46 
Glycine 27-48 (4) 26-07 1981 3-47  26-66(2) 2657 20-20 3540 263 26-2 
» Alanine 8-84 (4) 9-95 7-94 1-17 8-72 (2) 10-32 8-23 1-158 8-0 9-5 
) Leucine 1-93 (3) 3-20 2-76 0-244 2-14 (2) 3-73 3-22 soa 3.2 5-6 
Isoleucine 0-84 (3) 1-39 1-20 0-106 1-08 (2) 1-88 1-62 0-143 7 . 
Valine 1-53 (2) 2-26 1-91 0-193 1-58 (2) 2-46 2-08 0-210 2-2 3-4 
Phenylalanine 0-95 (3) 1-98 1-78 0-120 1-07 (2) 2-35 1-95 0-142 1-1} 2-5 
Tyrosine 0-22 (2) 0-50 0-45 0-028 0-41 (2) 0-99 0-89 0-054 0-6 1-4 
Tryptophan _- — — — — ~—- — — — — 
Serine 3°19 (4) 4-23 3-51 0-403 3-06 (4) 4:27 3-54 0-406 2-5 3-4 
Threonine 1-47 (3) 2-21 1-87 0-185 1-43 (4) 2-26 1-92 0-190 1-5 2-4 
Cystine - ~: — — — _— — — — —_ 
Methionine 0-41 (3) 0-78 0-68 0-052 0-49 (2) 0-97 0-85 0-065 0-4 0-8 
» Proline 8-95 (2) 13:02 10-98 1-131 9-43 (3) 1442 12-16 1-252 9-9 15-1 
|» Hydroxyproline 8-22 (6) 13-62 11-75 1-039 7-37 (6) 12-83 11-07 0-978 8-0 14-0 
> Arginine 15-16 (2) 8-34 7-48 0-479 14-22 (3) 8-22 7-37 0-472 15-3 8-8 
Histidine 0-05 (2) 0-29 0-26 0-019 1-02 (4) 0-70 8 8=©0-62 0-045 1-2 0-8 
Hydroxylysine 0-88 (2) 0-90 0-80 0-055 0-93 (2) 1-00 0-89 0-062 1-2 13 
alloHydroxylysinet 0-38 (2) 0-39 0-34 0-024 0-14 (2) 0-15 0-13 0-008 ad _ 
Lysine 3-87 (4) 3-57 3-13 0-244 4-08 (6) 3-96 3-47 0-271 4:7 4-5 
Aspartic acid 3-60 (3) 6-05 5-23 0-454 3-93 (3) 6-95 6-01 0-522 3-6 6-3 
Glutamic acid 5-93 (4) 11-02 9-69 0-749 5-69 (3) =: 11-16 9-75 0-756 5:8 11-3 
Amide 2-92 (3) 0-52 — (0-369) 3-50 (4) 0-66 ~~ (0-465) 3-5 0-66 
) Hexosamine ~ 0-01 — _- — 0-05 _ — — 
Total 97-30 — 91:56 10-1143 96-97 — 95:97 10-56§ 99-0 -- 
/ Average residue weight: 
By summation _- — 90-5 -- — 90-9 — — ~- 92-6 
By N-distribution —_ — 95-5 _— —_ 91-2 — — — 92-6 






* Bowes & Kenten (19482). 






§ Amide excluded. 















The present values for collagen in some in- 
stances differ slightly from those reported earlier. 
The values for all the basic amino acids, for 
tyrosine, valine, and to a lesser extent proline, are 
lower than the earlier values, while the values for 
serine, aspartic acid and alanine are rather higher. 
The lower value for tyrosine agrees with inde- 
pendent determinations made on both acid and 
alkaline hydrolysates by a modification of Lugg’s 
method (Lugg, 1937, 19386), viz. tyrosine N as 
dercentage total N, 0-42. The lower value for lysine 

















+ Tristram (1949). 


{ Not identified, but assumed to be allohydroxylysine for purposes of calculation. 


Figures in brackets indicate number of determinations made. 


higher value now obtained for aspartic acid sub- 
stantiates this view. Valine is one of the amino 
acids for which the Moore & Stein method was 
found to give the least reproducible results and the 
older value is, therefore, probably to be preferred. 
This also applies to hydroxylysine and histidine, 
where overlapping of the peaks made evaluation 
difficult. The position of the histidine peak was 
determined by the addition of histidine to a hydro- 
lysate in one run. A small amount of ninhydrin- 
reacting material was eluted from the 20-cm. resin 
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column between hydroxylysine and histidine. In 
view of the separation of hydroxylysine and allo- 
hydroxylysine reported by Piez (1954), it is prob- 
able that this smail peak represents allohydroxy- 
lysine formed by racemization during hydrolysis. 
A similar resolution of the hydroxylysine-histidine 
peak with gelatin hydrolysates is reported by 
Hamilton & Anderson (1954). 

The values given for glycine and hydroxyproline 
are the first to be determined on this collagen, the 
previously reported values having been selected 
from the various determinations made by earlier 
workers. 

The total nitrogen accounted for is 97-1% and 
the sum of the amino acid residues is 96-0. The 
average residue weight by summation is 90-9, and 
by calculation from the nitrogen distribution 91-2. 
These values are slightly lower than those pre- 
viously calculated (Bowes & Kenten, 1948a). 

The composition of the citrate-soluble collagen 
of calf skin is essentially similar to that of adult 
ox-hide collagen, though there are a number of 
small differences. In view of the lower nitrogen 
content compared with collagen, these differences 
are best compared on the basis of amino acid 
nitrogen as percentage total nitrogen. The amide, 
tyrosine and histidine contents of the citrate- 
soluble protein are definitely lower, and the leucine, 
isoleucine, and possibly the aspartic acid contents 
are slightly lower than in collagen, while the 
hydroxyproline content is higher. The ninhydrin- 
positive material eluted between hydroxylysine 
and histidine, and assumed to be allohydroxy- 
lysine, is three times as great as in collagen. 

The total nitrogen accounted for is 97-3% but 
the sum of the amino acid residues is only 91-6. 
This, together with the lower nitrogen content 


Terminal residues in citrate-soluble collagen 


Gelatin from 
citrate-soluble 


Table 5. 


Citrate-soluble 


collagen collagen 
(m-moles/100 g. DNP-protein) 

Aspartic acid 0-06 0-14 
Alanine 0-04 0-20 
Glycine — 0-14 
Glutamic acid 0-17 
Serine _ Trace 
Threonine - Trace 
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compared with collagen, suggests the presence of 
some non-protein constituent. 

The results of experiments on the reaction of 
collagen and the citrate-soluble collagen with 1- 
fluoro-2:4-dinitrobenzene have already been re- 
ported (Bowes & Moss, 1953). On the basis of the 
rather lower lysine content now found for collagen 
the percentage recovery of lysine as eDNP-lysine 
from the DNP-protein is increased from 55 to 
63 % and is of the same order as that found for the 
citrate-soluble collagen, namely 69%. Conversion 
of the citrate-soluble collagen into gelatin by 
heating to 40° for 5-10 min. resulted in an increase 
in the number of free «-amino groups available to 
FDNB (Table 5). These were similar to those 
found in commercial gelatins (Courts, 1954), 
except that the proportion of glycine was much 
smaller. From the amounts present the number- 
average molecular weight was found to be 160000. 


Sulphur distribution of collagen 


The sulphur distribution of the ox-hide collagen 
is given in Table 6. Values previously reported by 
Baernstein (1932) and Beach & Teague (1942) for 
total sulphur and ester sulphate in gelatin are 
rather higher, probably owing to the presence of 
impurities arising from contamination with hair. 

An appreciable amount of the total sulphur is 
not accounted for; though some of this deficit may 
be due to cystine present as an impurity, it is 
probable that the value for sulphate sulphur is low 
owing to the difficulties of determining such small 
amounts. 

Assuming that this sulphate sulphur is all 
derived from chondroitin sulphate, the amount of 
this polysaccharide present would be of the order 
0-4 %, corresponding to a galactosamine content of 
0-17 %. 

DISCUSSION 


The question of whether the protein extracted 
from skin by citrate buffers is a precursor of col- 
lagen, and represents a definite entity, or whether 
it represents the solution of the collagen fibres as a 
whole has been the subject of some discussion 
(Harkness, Marko, Muir & Neuberger, 1953, 1954; 
Neuberger, Randall & others, 1953). As far as the 
present experiment is concerned, the extraction of 


Table 6. Sulphur distribution of gelatin and collagen 


Results are expressed as g./100 g. of moisture and ash-free protein. 


Total S 
Gelatin (Baernstein, 1932) 0-47 
Gelatin (Beach & Teague, 1942) 0-411 
Ox-hide collagen 0-30 


Cystine and S not 
Methionine S__ cysteine S Sulphate S accounted for 
0-21 0-13 0-10 0-03 
0-175 0-005 0-207 0-024 
0-18 — 0-03 0-09 
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calf skin with citrate buffer appears to involve, in 
the main, the removal of a specific soluble fraction 
rather than continued slow solution of the skin 
substance as a whole, the proportion of nitrogen 
extracted gradually decreasing until it reaches a 
low constant value. The readiness with which the 
citrate-soluble protein is precipitated by the 
addition of sodium chloride to the extract, and the 
fibrous nature of the precipitate formed suggests 
that it is more highly orientated than gelatin. On 
the other hand, its ready conversion into gelatin 
indicates that it is less heat-stable than collagen. 
About two-thirds of the total protein extracted by 
citrate buffer is precipitated by salt and is of a 
collagenous type (the procollagen of Orekhovich). 

The remaining third may partly consist of albumins 

and globulins, but subsequent experiments on the 

more exhaustive extraction of tendon indicate that 
a protein fraction differing from these is also 
present (see p.146). 
The amino acid composition of ox-hide collagen 
as determined by the Moore & Stein (1951) tech- 

nique differs slightly from that reported for the 
| same sample in 1948 (Bowes & Kenten, 1948a). 

The recovery of nitrogen was not quite complete; 
this was probably due to oyerall losses of amino 
acids, since it was accompanied by a corresponding 
deficiency in the sum of the amino acid residues. 

With the citrate-soluble protein the amino acids 
found account for 97-3% of the total nitrogen, 
while the sum of the weights of the amino acid 
residues is only 91-6 g. Thus, even if all the nitrogen 
unaccounted for was present as amino acids of 
high molecular weight, the total of the residue 
| weights (g.) would still fall appreciably short of a 

hundred. This, together with the low nitrogen 

content compared with collagen, suggests the 
| possible presence of about 4-5% of some con- 
| stituent of low nitrogen content. No independent 
evidence of such a constituent has been found, 

however. Determination of reducing sugars and 
hexosamine, as well as paper chromatography and 
electrophoresis, indicate the presence of only very 
small amounts of hexosamine, galactose, glucose 
and mannose amounting in all to less than 0-1 %, so 
| that no appreciable amount of polysaccharide or 
carbohydrate is present (see Appendix). 

The amino acid composition of the citrate- 
soluble protein differs in some respects from that 
reported by Chernikov (1949) and Orekhovich 
(1952) for procollagen. The histidine content is 
much lower and the sum of the proline and hydroxy- 
proline is appreciably higher. 

Tn view of the low nitrogen content of the citrate- 
soluble collagen, comparison of its composition 
with that of adult collagen was made on the basis 
| of amino acid nitrogen as a percentage of the total 
| nitrogen. It is possible that any differences ob- 
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served in the present investigation are due to 
variations in age and breed. In view, however, of 
the small variations in the composition of collagen 
from widely different sources reported by Neuman 
(1949) this possibility, though not completely 
excluded, appears to be small. The composition of 
the two proteins is essentially the same, but there 
are a few definite differences which suggest that 
the adult collagen is associated with a protein 
constituent which is relatively rich in amide 
nitrogen, tyrosine, histidine and, to a lesser extent, 
leucine, isoleucine and possibly aspartic acid, and 
low in hydroxyproline compared with the citrate- 
soluble collagen. Evidence obtained from sub- 
sequent experiments on the exhaustive extraction 
of tendon suggest that a protein fraction of similar 
composition is extracted to some extent by citrate 
buffers, together with the collagenous protein, and 
probably represents part of the protein remaining 
in solution after the addition of sodium chloride 
(see p.146). The relatively high hexosamine/nitrogen 
ratio of the solution after precipitation with 
sodium chloride suggests that this soluble protein 
fraction may be associated with polysaccharide. 

Other workers have also found evidence for the 
presence of such a constituent in collagenous 
tissue. Eastoe & Eastoe (1954) suggest its presence 
in bone collagen, Consden, Glynn & Stanier (1953) 
in connective tissue, and Harkness et al. (1954) 
and Consden & Bird (1954) in rabbit skin. The small 
amounts of sugars present in collagenous tissue 
probably arise from this mucopolysaccharide, 
rather than from the collagen itself. The almost 
complete absence of sugars in the citrate-soluble 
protein would appear to substantiate this view. The 
sugars associated with ox-hide collagen are the 
same as those identified by Consden et al. (1953) in 
connective tissue and by Eastoe & Eastoe (1954) in 
bone collagen, though they differ in their relative 
proportions and are much smaller in amount (see 
Appendix). It is reasonable to suppose that skin 
with its closer fibrous structure contains less muco- 
polysaccharide than the looser types of collagenous 
tissue. It is possible that this protein—polysac- 
charide fraction represents the main constituent of 
the ground substance. It appears to be removed 
from collagenous tissue by alkaline treatment 
(Bowes eé al. 1953; Consden & Bird, 1954; Eastoe & 
Eastoe, 1954), and possibly by dilute acids (Bowes 
et al. 1953; this paper, see above). This removal 
appears to run parallel with reduced stability of 
the collagen, prolonged treatment in alkaline 
solutions facilitating the conversion of collagen 
into gelatin, and treatment in dilute acetic acid 
favouring dispersion of the collagen. The ready 
conversion of the citrate-soluble collagen into 
gelatin also suggests that separation from the non- 
collagenous fraction reduces stability. 








150 J. H. BOWES, R. G. ELLIOTT AND J. A. MOSS 1955 | 


The nature of this non-collagenous protein 
fraction and its relationship with the citrate- 
soluble collagen and the insoluble collagen of adult 
skin is being further investigated. 


SUMMARY 


1. Calf skin has been extracted with dilute 
citrate buffer and the soluble collagen precipitated 
with sodium chloride. 

2. The amino acid composition of the citrate- 
soluble collagen as determined by the Moore & 
Stein (1951) technique was essentially the same 
as that of ox-hide collagen. The citrate-soluble 
collagen contained less amide N, tyrosine and 
histidine and rather more hydroxyproline than the 
ox-hide collagen. Its lysine, leucine, isoleucine and 
aspartic acid contents were also slightly lower. 

The values obtained for some of the amino acids 
in ox hide differed slightly from those reported in 
1948 (Bowes & Kenten, 1948a) for the same 
sample. ; 

3. Reducing sugar and hexosamine determina- 
tions indicated that neither hide collagen nor the 
citrate-soluble collagen contained any appreciable 
amount of polysaccharide. The ratio of hexosamine 
to nitrogen in the citrate extract after precipitation 
of the collagenous protein suggested the presence of 
mucopolysaccharide. 

4. Aspartic acid and alanine were detected as 
free terminal residues in the citrate-soluble protein. 
After conversion into gelatin by heating to 40° a 
few additional terminal residues were detected. 

5. From consideration of the differences in com- 
position between the hide collagen and the citrate- 
soluble protein it is suggested that the former is 
associated in some way with a protein constituent 
which is relatively rich in amide nitrogen, tyrosine, 
histidine and certain other amino acids, and re- 
latively low in hydroxyproline. Other evidence for 
the presence of such a constituent in collagenous 
tissue is cited, and its possible significance with 
regard to the stability of collagen discussed. 

The authors are indebted to Mr P. R. Sanders of British 
Gelatine and Glue Research Association for determination 
of the rigidity of the gelatin obtained from the citrate- 
soluble protein, and to the Director and Council of the 
British Leather Manufacturers’ Research Association for 
permission to publish this paper. 
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APPENDIX 


The Carbohydrate of Collagen 


By J. A. MOSS 
British Leather Manufacturers’ Research Association; Egham, Surrey 


(Received 6 January 1955) 


The presence of up to 1% of sugars in collagen has 
been suggested by several workers, notably 
Grassmann & Schleich (1935) and Beek (1941), but 
none of these workers definitely established their 
identity. More recently, Glegg, EHidinger & 
Leblond (1953) have reported the identification 
by paper chromatography of glucose, galactose, 
mannose, fucose and a trace of ribose in reticulin 
and tendon collagen, whilst Consden, Glynn & 
Stanier (1953), using a combination of paper 
electrophoresis and paper chromatography, have 
found glucose, mannose, galactose and glucos- 
amine, the last two predominating, in subcutan- 
eous tissue. 

Preliminary attempts to detect sugars in 
purified skin collagen by these methods were un- 
successful. This failure was attributed to the very 
low concentrations present and to considerable 
interference from the high amino acid and peptide 
content of the hydrolysates. 

A number of methods used for the determination 
of sugars have been applied to collagen. Some 
estimates made of the interference due to protein 


hydrolytic products, which are of general interest 


in connexion with the determination of sugars in 


~ other proteins, have been recorded. 


EXPERIMENTAL 


Materials. The collagenous materials used were similar to 
those described in the main part of this paper. 

Hydrolysis. The protein was hydrolysed with 2N-HCl for 
16 hr. in a sealed tube at 105°. 

Reducing sugars. The method of Somogyi (1945) and the 
method of Hagedorn & Jensen (1923) as modified by 
Lampitt, Fuller, Goldenberg & Green (1947) were used. 
A modification of the anthrone colorimetric method (see 
Scott & Melvin, 1953) was also used. To each of several 
tubes 6 ml. of 0-15% (w/v) anthrone in 87% (v/v) H,SO, 
were added. After cooling in ice for 5min., 1 ml. of 
unknown or standard containing up to 200 yg. of glucose or 
its equivalent was added slowly to form a top layer. After 
cooling for afurtherfew min., the contents of the tubes were 
mixed by inversion. The stoppered tubes were then trans- 
ferred to a water bath at 80° for 15 min. After cooling, the 
absorption was measured on a Hilger ‘Uvispek’ spectro- 
photometer at 625 mp. Scott & Melvin (1953) report that 
the anthrone colour is increased in the presence of chloride 


ions which may be present in hydrolysates. In the present 
work it was found that this increase was virtually inde- 
pendent of chloride concentration above 0-1N and was of 
the order of 9%. 

Hexosamine. This was determined by the method of 
Elson & Morgan (1933) as modified by Blix (1948). Follow- 
ing the suggestion made by Schloss (1951), readings were 
also made at 515 mu. after 20 hr. incubation at 30° using 
a Hilger ‘ Uvispek’ spectrophotometer. When the determi- 
nations were made on the 1 ml. fractions eluted from a 
chromatographic column the reaction was carried out 
in the tubes used for the collection of the samples 
with appropriate adjustments to the volumes of reagents 
added. 

Paper chromatography. Two-dimensional chromatograms 
were run on Whatman no. 2 paper, 24in. square. The 
systems phenol—water and n-butanol—water were found to 
be a suitable combination of solvents for satisfactory 
separation of glucose, galactose and mannose when each 
was run the full length of the paper. The papers were 
sprayed with aniline hydrogen phthalate reagent (Partridge, 
1949), and, after heating for 5 min., examined in ultra- 
violet light. 

Chromatograph technique. Hexosamines were separated 
from other material present in the hydrolysates, on a 
column of Dowex-50 1 x 23 cm. high, similar to that used 
by Moore & Stein (1951) for the separation of basic amino 
acids (see also Eastoe, 1954). Under these conditions 
glucosamine emerged after 84ml. Determination by 
ninhydrin aud by the modified Elson & Morgan (1933) 
procedure gave the same values, indicating that the glucos- 
amine emerged free from peptides and amino acids. Thus, 
either method may be used for the determination. Using 
a larger column (2cm. diam.x20cm.) of Dowex-50 
equilibrated with 0-05 N-HCl and the same acid as developer, 
it was found that hexoses and uronic acids were eluted 
together and free from amino acids, etc., after about 20 ml. 
of acid had passed through the column (cf. Gardell, 1953). 


RESULTS AND DISCUSSION 


Attempts to determine reducing sugars directly on 
a collagen hydrolysate gave results depending on 
the method used (Table 1, columns 1 and 2). Trials 
with a synthetic hydrolysate containing the correct 
proportions of all the amino acids, with the ex- 
ception of hydroxylysine, which have been identi- 
fied in collagen, indicated that the interference due 
to these was considerable with the Hagedorn & 
Jensen (1923) method, but was relatively slight in 
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The results are expressed as mg. glucose/100 mg. protein. 


Neutral sugars + uronic 
acids after separation 


Corrected for the 
contribution of amino 


Uncorrected acids (col. 3) on Dowex-50 : 
Synthetic 
Collagen CS-collagen hydrolysate Collagen CS-collagen Collagen CS-collagen | 
Method (1) (2) (3) (4) (5) (6) (7) j 
Hagedorn &Jensen (1923) 2-98 2-40 2-31 0-67 — 0-27 _ 
Somogyi (1945) 0-32 0-19 0-04 0-28 0-15 0:27 — 
Anthrone 0-33 0-43 0-04 0-29 0-39 0-26 0-01-03 ? 


Table 2. Hexosamine content of collagens 


The results are expressed as mg. glucosamine/100 mg. 
protein. 


Citrate- Synthetic 
soluble —_hydro- 
Collagen collagen _ lysate 
Uncorrected values 0-30 0-15 0-07 
Glucosamine equivalent 0-11 0-10 0-02 
of unacetylated blanks 
Values corrected for 0-19 0-05 0-05 
blanks 
After separation on 0-05 0-01 — 
Dowex-50 


the Somogyi (1945) and anthrone methods (Table 1, 
column 3). The amino acids chiefly responsible for 
the high values in the Hagedorn & Jensen method 
were tyrosine, methionine, proline and hydroxy- 
proline, which gave 76, 42, 3 and 2%, respectively, 
of the values obtained for the same weight of 
glucose. After correction for the contribution of 
the amino acids (Table 1, columns 4 and 5) the 
Hagedorn & Jensen method still gives higher 
values for collagen than the other two methods. 
The correction is not valid for the citrate-soluble 
collagen owing to its much lower tyrosine content; 
if, however, allowance is made for this, a value of 
the same order as that found by the Somogyi 
method is obtained. The determination of hexos- 
amine is also subject to interference by protein 
hydrolytic products. Colour contributed by 
hydroxyproline under the present conditions was 
0-1 % of that of an equal weight of glucosamine. In 
collagen this contribution would represent about 
0:015% of glucosamine. Colour may also be 
contributed by amino acid-sugar reactions (Vasseur 
& Immers, 1949; Stary, Yenson, Lisie & Bilen, 
1951; Horowitz, Ikawa & Fling, 1950) and is 
particularly important if small amounts of glucos- 
amine are to be determined. 

It has been suggested (Anastassiadis & Common, 
1953) that allowance can be made for this inter- 
ference by the inclusion of blanks of the hydrolysate 
treated exactly as the test solution except that 
sodium carbonate containing no acetylacetone is 
used. With both collagen and citrate-soluble 


a 2. ae f ; 


collagen the blanks obtained in this way were 
relatively large (see Table 2). This does not, 
however, give an entirely satisfactory blank since 
the values obtained for the synthetic hydrolysate 
showed that acetylation increased the contribution 
due to amino acids, and Vasseur & Immers (1949) 
state that the same is also true of the amino acid- 
sugar reaction products. Development of the 
colour for 24 hr. as recommended by Schloss (1951) 
gave similar results. 

As it appears from the above that direct determi- 
nations of reducing sugars and hexosamines in 
collagen hydrolysates give misleading results, 
separation of these substances from other protein 
hydrolytic products using Dowex-50 was investi- 
gated (see ‘Methods’). 

Hydrolysate equivalent to up to 1 g. protein was 
put on the larger-diameter column and developed 
with 0-05Nn-HCl, 1 ml. fractions being collected. 
Hexoses were determined by the anthrone method 
on 0-2 ml. portions of the fractions. Those contain- | 
ing anthrone positive material were then bulked 
and the reducing power towards the Somogyi 
(1945) and Hagedorn & Jensen (1923) reagents 
determined (Table 1, column 6). The values ob- 
tained by the three methods agree. Since galact- 
uronic acid gives 5 % of the colour yield of an equal 
weight of glucose with the anthrone reagent, 14% 
of the reducing power towards the Hagedorn & 
Jensen reagent and 90% towards the Somogyi 
reagent, it may be concluded that the amount of 
uronic acid present is very small. The remaining 
eluate was evaporated to dryness and paper 
chromatograms were run. Glucose and galactose in 
approximately equivalent quantities and a smaller 
amount of mannose were found. 

A similar procedure in the case of citrate-soluble 
collagen showed the presence of glucose, galactose 
and mannose, the spots being all of approximately 
the same size and intensity on the paper chromato- 
gram. In neither material was uronic acid detected. 

For the separation of hexosamine, samples of 
hydrolysate equivalent to about 100 mg. protein 
were put on the smaller column. 1 ml. fractions 
were collected and hexosamine was determined by | 
the modified Elson & Morgan procedure. The results | 
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are given in Table 2. The amount of hexosamine 
found in the ox-hide collagen by this method was 
even smaller than the corrected value obtained 


- directly on the hydrolysate, and the amount found 


eee 
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| SS 


| 
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in the citrate-soluble collagen was negligible. 

The sugars and sugar derivatives which have 
been identified in ox-hide collagen are the same as 
those found in other collagenous tissues, e.g. 
tendon, but the relative proportions are different 
and their total amount is less, especially in the 
citrate-soluble collagen. The negligible amount of 
hexosamine and the very small and variable 
amounts of hexoses found in the soluble protein 
suggest that these may be present as impurities. 
This is contrary to the views of Kiintzel (1954) and 
of Grassmann, Endres & Steber (1954) who have 
found appreciable amounts of hexoses and amino 
sugars, respectively, which they consider to be 
an integral part of the citrate-soluble collagen 
molecule. 


SUMMARY 


1. Some methods used for the determination of 
sugars have been examined. Their application to 
complete protein hydrolysates is discussed. 

2. The carbohydrate content of ox-hide collagen 
and citrate-soluble collagen has been determined. 


I wish to thank Miss D. dos Santos Vieira for technical 
assistance and the Director and Council of the British 
Leather Manufacturers’ Research Association for permis- 
sion to publish this paper. 
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Cyanide Compounds of Ferroperoxidase and Myoglobin 
and their Reversible Photodissociation 
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The inhibition of peroxidatic activity of tissue 
extracts by cyanide was already known to Linossier 
(1898), who was the first to ascribe this activity 
to special oxidizing enzymes which he named 
peroxidases. The formation of a reversible and well- 
defined compound between horse-radish peroxidase 
and cyanide was noted in the course of spectro- 
scopic studies of purified preparations during which 
the haematin nature of peroxidase was definitely 
demonstrated (Keilin & Mann, 1937). The ab- 
sorption spectrum of this peroxidase-cyanide was 
found to be of the same pattern as those of the 
cyanide compounds of methaemoglobin and cata- 
lase (Keilin & Hartree, 1951). Since cyanide 


combines reversibly not only with the tervalent 
iron of these three haemoproteins but also with the 
bivalent iron of haem, haemoglobin and myo- 
globin, a property which cyanide shares only with 
nitric oxide (J. Keilin, 1955), it appeared interesting 
to investigate the possibility of a reaction between 
cyanide and ferroperoxidase. 

The objects of this paper are: (1) to show that 
ferroperoxidase, like haemoglobin and myoglobin, 
forms a reversible compound with cyanide, (2) to 
define the conditions under which these compounds 
are formed, (3) to compare their properties with 
those of other haem compounds, and (4) to demon- 
strate their reversible dissociation in light. The 
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photodissociation of these compounds is remark- 
able, considering that the only haem compounds 
hitherto known to undergo such dissociation are 
CO derivatives. 


MATERIALS AND METHODS 


Peroxidase. Horse-radish peroxidase was the same 
material as used in previous investigations (Keilin & 
Hartree, 1951, 1955). The stock solution was 0-46 mm in 
terms of haematin. 

Metmyoglobin. A crystalline product isolated from sperm- 
whale muscle was kindly supplied by Dr J. C. Kendrew. 

Oxyhaemoglobin. A crystalline preparation was obtained 
from horse blood (Keilin & Hartree, 1935). 

Haemin. Crystalline material was prepared from horse 
blood by the method of Schalfejew (1885). 

Methyl carbylamine. An aqueous solution (0-15M) was 
kindly supplied by Dr J. Keilin. 

Hydrocyanic acid. A solution was obtained by distilling 
KCN with excess of m oxalic acid in an all-glass apparatus. 
The distillate was standardized with 0-1n-AgNO3. 

Haematin estimations. The above haemoproteins were 
estimated as haematin by the method described in an 
earlier paper (Keilin & Hartree, 1951). 

Determination of HCN in solutions containing peroxidase. 
A volume of solution containing +15ymoles HCN was 
added to 15 ml. m oxalic acid in a small all-glass still and 
distilled almost to dryness into a 25 ml. volumetric flask 
containing 1 ml. 0-67N-KOH. The distillate was diluted to 
the mark and 1 ml. taken for cyanide estimation by the 
method of Robbie (1945). 

pH Determinations. A micro glass electrode (Hartree, 
1952) was used with a Pye Universal pH meter. To obtain 
complete stability the electrode was surrounded by a 
cylindrical earthed screen of copper gauze. The required 
volume of solution was transferred from the absorption 
cell immediately after the necessary spectrophotometric 
records had been obtained. 

Spectroscopic observations. These were made with a Zeiss 
microspectroscope ocular fitted to a microscope (Keilin & 
Wang, 1946). 

Spectrophotometry without photodissociation. Solutions 
were usually contained in stoppered cylindrical silica cells 
of lcm. optical path (see below). By using completely 
filled closed cells, loss of HCN and autoxidation of Na,S,0, 
were avoided. Extinctions were measured on a Hilger 
Uvispek spectrophotometer fitted with a glass prism. 

Spectrophotometry with photodissociation. A Beckman 
DU quartz spectrophotometer was used. It was fitted with 
the maker’s large cell compartment (CC) for absorption 
cells of up to 10cm. optical depth. For ease of description of 
the necessary modifications to CC the following conven- 
tions will be observed. The front of CC is that normally 
faced by the operator and from which projects the cell- 
carrier shift knob: thus the back is the wall against which 
the lamp housing is fixed. ‘Right’ and ‘left’ are used in the 
sense appropriate to the operator’s normal position in 
front of the instrument; i.e. the left side is adjacent to 
the monochromator and the right side to the photocell 
housing. 

In brief the modifications are as follows: (i) a hole is cut 
in the rear wall of CC to admit light from a mercury-vapour 
lamp, via a blue filter to pass the 435-8 muy. line. (ii) The 


D. KEILIN AND E. F. HARTREE 





1955 


Beckman cell-carrier is replaced by a swivelling carrier 
which enables either of two absorption cells to be illumi- 
nated by Hg-blue light when it is on the optic axis (OA) of 
the spectrophotometer. (iii) A filter-carrier is introduced 
between the cell-carrier and the photocell to carry an 
orange filter opaque to light passed by the blue filter, 
(iv) A removable mask, fitted to the left of the cell-carrier, 
introduces a slit in the optical path so as to reduce the | 
width of the beam emergent from the monochromator. This 
attachment is used only in conjunction with micro. 
absorption cells. 

(i) The position of the rectangular orifice (ro) to admit the 
photodissociating light is shown in Fig. 1. A suitable cover 
was prepared to fit into ro so that measurements could also 
be made under normal conditions. 

(ii) The maker’s carrier for cells up to 10cm. rests, | 
through 3-point contact, on a base plate (bp) which slides 
on two rods (bpr) as shown in Figs. 2 and 3. This carrier was 
removed and a new carrier fitted to hold two 1 cm. optical 
cells of conventional dimensions. The new carrier consists * 
of a brass top plate (tp) carrying two brass disks (d,, d,), the 
centres of which are the same distance apart (31-8 mm.) as 
the notches in the cell-carrier slide rod (sr). After final | 
adjustment of their positions (see below) these disks were 
soldered to the top plate. Each disk carries four supporting | 
rods (r) shaped to hold an absorption cell by its four! 
corners and the disks are drilled centrally to take 4-B.a. 
bolts. The bolt passing through the back disk (d,) is tapped } 
into the top plate, passes through a curved slot (s,) in the 
base plate and engages a second curved slot (sq) in the floor 
of CC. A piece of fabric glued to the underside of the floor 
excludes light. Slot s, is in the form of an are concentric 
with d, while the ends of slots, are beneath the positions of the | 
centres of d, and d, when the cell-carrier is orientated as in 
Fig. 3. Thus when the cell-carrier slide rod (sr) is pulled 
out (i.e. towards the operator), d, moves on a straight path 
parallel to sr while d, moves into the position on OA 
previously occupied by d,. Before being soldered to the top 
plate, d, and d, are orientated so that the absorption cells 
held in both come to rest on OA with their optical faces at 
right angles to OA. 

(iii) Figs. 4 and 5 illustrate the filter holder which is 
placed between CC and the phototube housing. It consists 
of a copper plate drilled at the corners to take the four long 
bolts which attach CC and the phototube housing to the 
monochromator. A small projecting tube of 12-5 mm. ' 
square section is placed symmetrically around OA and is | 
held to the copper plate by means of bolts passing through 
two pieces of vulcanite (v,, v.). A 30 mm. diameter hole, on 
OA, in the plate is concentric with a 35 mm. diameter hole 
in v,. A square hole in v, holds the projecting square tube 
in position. The orange filter (f) is retained in position by 
means of a rubber ring. To ensure that the apparatus was 
lightproof it was found necessary to edge the copper plate | 
on both sides with black velvet. 

(iv) The mask (m) for use with micro cells consisted of 
slit 10 mm. high and 1-5 mm. wide. It was bolted to a strip 
of Perspex which was attached to the front wall of CC by 
means of a block of the same material (p). 

All parts of the assembly (i-iv) were given a dull black 
finish. | 

Optical cells for spectrophotometry. Four types of ab- 
sorption cell were used: types i and ii in the Hilger spectro- 
photometer; types iii and iv in the Beckman instrument 
equipped with the modified cell compartment. 
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i. The stoppered cylindrical cells had a total volume of 
1-1 ml. On account of their small size it was necessary to 
reduce by about 25% the vertical dimension of the beam 


’ emergent from the monochromator. This was effected by 


means of a thin disk, with a central hole 7-5 mm. diameter, 
attached concentrically to a Perspex collar made to fit 


~ Seale for 
Figs. 1-5 
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it was then necessary to fit the cell compartment with a 
light-proof hood. 

ii. To measure the intense Soret band of haemoproteins, 
solutions examined at 1 cm. optical depth in the visible 
region were transferred to 1 mm. demountable cells (Hilger 
and Watts Ltd.). 











Figs. 1-5. Modifications to the Beckman spectrophotometer cell compartment, as supplied for cells up to 10 cm. in length, 
to permit illumination of absorption cells from the side with light from a mercury vapour lamp. 1, front view of cell 
compartment; 2, view along optic axis from the right, i.e. from the position occupied by the photocell; 3, plan of 
cell compartment (front of compartment to the right); 4, plan (sectional) of holder for orange filter; 5, side view 


of filter holder. 


Fig. 6. Microcell (as supplied with the Hilger Spekker absorptiometer) in a carrier designed to be interchangeable with 
the conventional type of 1 em. Beckman cell in the modified cell-carrier (Figs. 2, 3). 


closely into the circular orifice via which the emergent 
beam reaches the absorption cells. The solid stoppers of 
these cells were made interchangeable with tubes carrying 
Thunberg-type hollow stoppers in order that solutions 
could be equilibrated with various gas mixtures before 
addition of Na,S,O, placed in the hollow stopper. A 
special cell-carrier was made to hold these cells. When they 
were used with the hollow-stoppered extensions, the latter 
projected above the level of the cell-compartment lid and 


iii. Conventional type Beckman cells, 10 x 10 x 44 mm. 
(int.), were made up with clear glass in place of the usual 
frosted glass side walls. The mask m was removed when 
these cells were used. 

iv. Micro cells as supplied with the Hilger Spekker 
absorptiometer were used in conjunction with the mask m. 
The internal dimensions of the cells are 19 mm. high x 
10 mm. (optical path) x 2-5 mm. wide. The corresponding 
external dimensions are 22, 16, 8-5 mm. These cells were 
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placed in individual carriers (Fig. 6) which were about 
1 mm. narrower than the spaces between the rods r. A pair 
of notches on the base of the holder facilitated handling the 
cell plus carrier with forceps. By means of plastic shims 
the positions of the cells with respect to the rods were 
adjusted so that the cells were exactly on OA. After this 
had been done it was convenient to change solutions in the 
cells without removing them from CC. 

Light filiers. The blue filter was 0-05m-CuSO, in 2-4n- 
NH,OH containing 0-0056m 3:5-dinitrobenzoic acid which 
reduces u.v. transmission. The solution, which was stable 
for 3 days, was contained in a cell of 2-7 cm. optical depth 
in close contact with the orifice ro. The transmission for the 
435-8 my. line was 69%. 

The orange filter consisted of 0-24 mm. Cobex sheet no. 
5028 (BX Plastics Ltd., Higham Station Avenue, London, 
E. 4). This has a transmission of 72% at 565 mp. but is 
opaque below 520 my. 

Transmission curves for both filters are given in Fig. 7. 
At wavelengths between 800 and 1000 mu. both filters are 
transparent, but stray light within this region introduced 
no errors in the present experiments since only the u.v.- 
sensitive phototube of the Beckman instrument was used. 
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Fig. 7. Percentage transmission of light filters: ---, Cobex 
5028 (0-24 mm.); ——, 0-05m-CuSO, in 2-4n-NH,OH 


(27 mm.); ——-, 0-05m-CuS0, in 2-4N-NH,OH, +0-0056™ 
3:5-dinitrobenzoic acid (27 mm.). 


Units of light absorption. E (extinction, optical den- 
sity) =log,,[J,/I], where J, and J =intensities of incident 
and transmitted light. ¢,,. (millimolecular extinction co- 
efficient) =Z/[concentration (mm) x optical depth (cm.)]. 
The optical depth was unity in all experiments, except 
where otherwise indicated. 


Abbreviations used 
per® =ferriperoxidase 
per® =ferroperoxidase 
per®?CN =cyanide derivative of ferriperoxidase 
per?CN =cyanide derivative of ferroperoxidase 
per?CO =carbon monoxide ferroperoxidase 


per°CH,.NC=methyl carbylamine derivative of ferro- 


peroxidase 
Methb =methaemoglobin 
MethbCN =cyanide derivative of methaemoglobin 
Hb =haemoglobin (deoxygenated) 
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HbCO =carbon monoxide haemoglobin d 
HbCN =cyanide derivative of haemoglobin hd 
HbCH,.NC =methyl carbylamine derivative of haemo. ( 
globin a 
Metmb =metmyoglobin 5 
MetmbCN ~=cyanide derivative of metmyoglobin ir 
Mb = myoglobin t] 
MbCO =carbon monoxide myoglobin tl 
MbCN =cyanide derivative of myoglobin 1 f 
It is not intended that the abbreviations used for cyanide 
derivatives should indicate that the cyanide ion rather than > 0. 
free HCN is the reactive species. 
All experiments described in this paper were carried out ( 
at 19-21°. | n 
RESULTS : 
Pp 
Direct spectroscopic study of I a 
ferroperoxidase cyanide (per*CN) vi 
Formation of per?CN. The formation of per?CN | w 
and its photodissociation were first observed by | w 
direct examination with a microspectroscope of | 
per® treated with cyanide and sodium dithionite | 
(Na,S,0,). The study of these reactions was} ? 
carried out in 7-mm. diameter tubes with fused | E 
optical glass bases, which were placed over the \ te 
condenser lens of a microscope stage, the substage | “ 
illumination being supplied by an 8v, 48w micro- | 
scope lamp. The advantages of this arrangement 
(Keilin & Wang, 1946) are that it requires very be 
little material, that the observations are simple and | N 
rapid and that light absorption by the pigment is : 
not affected by dilution of the tube contents, i.e. } ; 
the intensities of the absorption bands are not | ™ 
altered if there is no dissociation and if the diluting 7 
fluid does not react with the pigment. Be 
The tube normally received about 0-1 ml. stock | ™ 
solution of peroxidase diluted with 0-5 ml. 0-lm am 
borate buffer (pH 9-1—9-5). At this and even at " 
higher pH the absorption spectrum of per’ is still | a 
of the acid methaemoglobin type showing bands at 
640 and 500 mp. On addition of a little Na,S,0, ™ 
the colour of the solution turns from brown to red 
and the above absorption spectrum is replaced by . 
that of per? showing a wide strong band at about a 
558 mu. and a weaker narrow band at 595 mp. On - 
treating this solution with HCN (final concentra- | o 
tion 0-01m) the spectrum of per? is replaced by that A 
of per?CN which is of the haemochromogen type 7 
with two strong absorption bands: «- 565 my. and 2 
B- 535 muy., the «-band being stronger and sharper th 
than the f-band. Similar results are obtained if the th 
order of addition of Na,S,O, and HCN is reversed. | 
In this case per® treated with HCN gives per®ON | Pe 
showing a wide strong band at about 542 my. and 
a narrow feeble band at 582 my. On addition of P : 
Na,S,O, this spectrum is replaced by that of . 
per?CN. These experiments can be carried out if | pe 


necessary in even smaller optical tubes of 5 mm. 
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diameter which require only 0-05 ml. peroxidase 
diluted with 0-2 ml. buffer. 
A decrease in pH causes the characteristic 


’ absorption bands of per?CN to fade and at pH 5-0— 


? 


5-5 they disappear completely. A finding of special 
interest is that the addition of cyanide to per? at 
this pH leads to the formation of per*CN despite 
the presence of Na,S,O,. This was demonstrated as 
follows. 


(a) Stock peroxidase (0-1 ml.) was diluted with 0-5 ml. 
0-2m acetate buffer, pH 5, and treated with Na,S,0,, when 
per? was immediately formed. After addition of HCN 
(final concentration 0-01) the absorption spectrum of per? 
gradually changed into that of per*CN. 

(6) Using the same quantities of reagents, peroxidase at 
pH 5 was treated with HCN, when the spectrum of per®CN 
appeared immediately. Addition of Na,S,0, now had 


_ virtually no effect on the spectrum. 


SS a 


a ee pe eee 


(c) At the end of experiments (a) and (5) the solutions 
were treated with CO. In both cases the spectrum of per?CN 
was rapidly replaced by that of per?CO. 


The above experiments show that at the acid pH 
per? is in equilibrium with a small amount of per’. 
HCN and CO, which have great affinities for the 
tervalent and bivalent iron respectively, shift the 
equilibrium either towards per*’CN or towards 
per?CO. 

The facts (i) that per?CN cannot exist at pH 5-0 
but rapidly changes to per®CN even in presence of 
Na,S,O, and (ii) that Na,S,O, is still efficient as a 
reducer of free per* at the same pH suggested a 
further study of these reactions in the complete 
absence of oxygen. For this purpose experiments 
were carried out in two modified Thunberg tubes, 


| each provided with two hollow stoppers as shown 


in Fig. 8 (Keilin & Hartree, 1947). The reagents 
were pipetted into the three compartments A, B 
and C of the two tubes as shown in Table 1 and the 
air in the tubes was replaced by O,-free nitrogen. 
The changes that occurred on mixing the contents 
were followed spectroscopically. 

In Thunberg tube 1 per*CN was formed im- 
mediately on mixing A and B, the pH of the 
solution being 5-7. After addition of C the spectrum 
of per3CN remained practically unchanged and 
showed only traces of per?CN. In Thunberg tube 2 
the spectrum of per?CN appeared rapidly on mixing 
A and B, the pH of the solution being 9-1. After 
addition of C the spectrum of per?CN was replaced 
almost completely by that of per’CN. The pH of 
the solution was now 5-6. On opening both tubes 
the traces of per?CN rapidly disappeared and a 
pure per°CN spectrum was observed. 

Photodissociation of per?CN. During the earlier 
part of our work on per?CN the spectroscopic 
observations frequently revealed marked incon- 
sistencies. Even when conditions were standardized 
at the apparent optimum for formation of per?CN 
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the compound was sometimes incompletely formed 
and even appeared to decompose rapidly while it 
was under observation. However, it was found 
that when a solution in which this rapid dissocia- 
tion had been observed was left standing on the 
bench for a short time the per?CN bands became 
stronger but would fade again while the solution 
was being examined under the microspectroscope. 
Furthermore, this reversible dissociation could be 
made to occur repeatedly. 


ae 





Fig. 8. Thunberg tube with two hollow stoppers 
(see Table 1). 


Table 1. Contents of the three compartments A, B 
and C of two special Thunberg tubes (see Fig. 8) 


Tube 1 Tube 2 


A 0-4 ml. peroxidase A 0-4 ml. peroxidase 
2-0 ml. 0-1m borax 2-0 ml. 0-1m borax 
0-5 ml. 0-1m-H,BO, 0-5 ml. 0-1m-H,BO, 
0-4 ml. M-H,PO, 5 mg. Na,S,0, 

0-05 ml. Mm-KCN 0-05 ml. m-KCN 

C 5mg. Na,S,0, C 0-4 ml. m-H,PO, 


The only plausible explanation of these findings 
was that per*CN is light-sensitive in the same sense 
as many CO-haem derivatives, and that the illumi- 
nation reaching the solution via the substage 
condenser, but not the diffuse light in the labora- 
tory, was effective for dissociation. This view was 
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confirmed in several ways. Thus the dissociation 
that occurred while the solution was on the 
microscope stage could be prevented if the light 
was either reduced in intensity or intercepted by an 
orange filter which was opaque to the blue region of 
the spectrum where per*CN shows a strong y-band. 
On the other hand, a more complete, although still 
reversible, photodissociation could be demon- 
strated by placing the solution in an optical cell 
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tion was negligible and the spectrum illumination 
was thus scarcely modified when the Point-o-lite 
was switched on. 
could be demonstrated either by interrupting 
the side illumination or by interposing an orange 
filter. 

These experiments prepared the ground for a 
quantitative spectrophotometric study of per?CN 
and especially of its photodissociation. 


per?CN 
(8:5-9-3) 


per? 
(7-4-9-3) 


per°CN 
(4-6-10-3) 7 


650 610 590 570 550 530 





510 490 470 450 430 410 } 


mu. 


Fig. 9. Absorption curves of peroxidase and its derivatives. 0-085 mm peroxidase; 25 mm-Na,S,0,; 8 mm-HON !for 
per*CN; 80 mm-HCN for per*CN. 1 cm. cells used for visible region, 1 mm. cells used for Soret region (400-460 my.). 


Numbers in brackets refer to pH of solutions. 








(horizontal dimensions 13 x 2-5 mm.). When this 
cell was illuminated from below by light passing 
through the orange filter, no dissociation was 
observed. However, when the solution was simul- 
taneously illuminated from the side by means of a 
100 candle-power Point-o-lite lamp (beam parallel 
to the 2.5mm. dimension) the bands of per?CN 
faded almost completely, being replaced by those of 
per®. Since the solutions used were perfectly clear, 
scattering of the horizontal beam within the solu- 


Quantitative study of ferroperoxidase-cyanide 


pounds. The study of per?CN required quantitative 
spectrophotometric data on the compounds that 
might appear under the conditions of its formation. 
These compounds are per*, per*CN and per*. Their 
absorption curves, together with that of per’CN 
both in the visible and Soret regions, are repre- 


Absorption spectra of per?CN and related com- | 
sented in Fig. 9. The absorption spectrum of per | 


Reversibility of dissociation | 
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shows no significant changes within the pH range 
5-9: at higher pH the alkaline form appears 
(Keilin & Hartree, 1951). At a eyanide concentra- 


’ tion of 8 mm the curve of per®CN remains practically 


| 


es 


| 
| 





unchanged within the pH range 4-6—9-3, while that 
of per? is constant within the range 7-4~-9-0 and 
shows only very little variation within the wider 
range 5-0-10-5. 


€mm 





530 490 


mu. 


590 570 550 510 


Fig. 10. Absorption curves of peroxidase after treatment 
with HCN and Na,§S,0, at various pH (formation of 
per*CN). 0-085 mm peroxidase; 25 mm-Na,S,0,; 7 mm- 
HCN; lem. cells. Lines i-vi, peroxidase + Na,S,0, + 
HCN in the following buffers: i, phosphate pH 9-03; ii, 
borate pH 9-50; iii, borate pH 6-44; iv, phosphate 
pH 6-83; v, borate-phosphate pH 6-20; vi, borate 
pH 10-63. —--, per®CN; ---, per? (last two curves from 
Fig. 9). 


Effect of pH on the formation of per?CN. Varia- 
tions in absorption of 0-085 mm peroxidase con- 
taining S8mM-HCN and ~25mm-Na,S,0O, in 
different buffers are shown in Fig. 10 (full lines). 
These curves, with the exception of curve vi 
obtained at very high pH, exhibit four distinct 
isobestic points which show that they represent 
mixtures of only two components. Furthermore, 
these isobestic points lie on the curve of per®?CN 
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and not on that of per?. Thus, despite the presence 
of Na,S,0,, the two components are per?CN and 
per°CN. 

A complete record of experiments on the effect of 
pH is given in Fig. 11 which shows the variations of 
«555 (i.e. at the maximum of the «-band of per*CN). 
The optimum pH for the formation of this com- 
pound is about 9-0. At pH>10-5 no cyanide 
compound is formed and the solution shows the 
spectrum of per”. As the pH is lowered from 8 to 5 
an increasing proportion of per®CN is present, 
although at a given pH its proportion is somewhat 
higher in phosphate than in borate. These results 
confirm the visual spectroscopic findings described 
above. 


20 





Fig. 11. Variations in 58 (a-maximum of per*CN) of 
peroxidase, in presence of HCN and Na,S,0,, in different 
buffers. Experimental conditions as in Fig. 10. Roman 
numerals correspond to the curves of Fig. 10. With 
7 mm-HCN: O, borate buffer; @, phosphate buffer; @, 
borate—phosphate buffer. With 70 mu-HCN: [, borate 
buffer. Horizontal lines indicate values of ¢58 for per°CN 
and per. 
Effect of HCN concentration on the formation of 

per*CN. Variations in cyanide concentration under 

standardized conditions (0-085 mm per?; 0-08M 
borax; 25 mm-Na,S,O,; pH 9-15+0-15) gave rise 
to the family of curves shown in Fig. 12. The iso- 
bestic points indicate that the intermediate curves 
represent mixtures solely of per? and per?CN. 

From the formation of 50% per?CN at 1-4 mm- 

HCN a dissociation constant of 1-3 x 10-*m can be 

derived. (This calculation is based upon total 

cyanide: not cyanide ion or undissociated HCN.) 

In contrast to this result, per®>CN formation was 

shown to be virtually complete at all HCN con- 

centrations quoted in Fig. 12 and as much as 85% 

complete when HCN was as low as 0-085 mu, i.e. 

equimolar with peroxidase. This corresponds to a 

dissociation constant of ~2 x 10-*m. 
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The band maxima obtained with per? in presence 
of 70mm-HOCN (Fig. 12) were not modified by 
increasing the cyanide concentration and therefore 
the absorption spectrum of per*?CN can be charac- 
terized as «-565-5myp. (€,,=18°5); 8-535 mp. 





550 510 490 


mp 
Fig. 12. Absorption curves of ferroperoxidase in presence 
of different concentrations of HCN. 0-085 mm peroxi- 
dase; 25 mm-Na,S,0,; solutions made up in 0-1N borax 
(pH 9-15+0-15); lem. cells. Cyanide concentrations 
(mM) as follows: i, 70; ii, 7; iii, 1-4; iv, 0-7; v, 0-07; vi 
(from Fig. 9), no HCN. 


590 570 530 
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(€nx = 13-6). Measurements on the same solution in 


a 1 mm. cell indicated y-432-5 mu. (€ny= 135). The 
complete curve is given in Fig. 9. 

Relative affinities of CO and HCN for per*. Ferro- 
peroxidase exhibits a high affinity for CO and the 
characteristic two-banded spectrum (Keilin & 
Mann, 1937; Keilin & Hartree, 1951) appears im- 
mediately when peroxidase is treated with CO in 
presence of Na,S,O,. Compound formation was 
virtually complete when 0-085mm per? was 
equilibrated with N, containing 5% CO, under 
which conditions the concentration of free CO in 
solution is 0-05 mm. 

The partition constant between HCN and CO 
was determined in the cylindrical absorption cells 
fitted with the Thunberg-stoppered extensions. 
One cell (a) received 0-2 ml. stock peroxidase, 
0-4 ml. 0-1M-HCN and 0-8 ml. 0-1m borax. The 
stopper received about 5mg. Na.S,O, and the 


assembly was evacuated and filled three times with | 
a 1:3 CO-N, mixture. After equilibration of the | 


contents £** was measured. A second cell (b) was 


filled similarly, but with 0-4 ml. 0-2mM-HCN and a | 
1:9 CO—N, mixture, and 2° determined. Since | 
considerable loss of HCN occurred during the | 


evacuations the cyanide concentrations were 
determined by the method of Robbie (1945) at the 
end of the experiment. From the known values of 
E*® for per?CO and per*CN values of the partition 
constant 


K = ([per*CO] [HCN])/([per*CN] [CO]) 
were determined (Table 2). The results indicate | 


that the affinity of per? for CO is about 2500 times ' 


greater than its affinity for cyanide. 


Photodissociation of per?CN 


Effect of light on the equilibrium of the reaction 
between per? and HCN 


Experiments in conventional 1 cm. cells. A solu- 
tion (y) of per?CN was made up to contain 0-0184m™ 


y but the HCN was omitted (Table 3). The blank 


Table 2. Determination of the partition constant of CO and HCN for ferroperoxidase 
from measurements of E** 
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“—y — = 
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peroxidase and 8-4mm-HCN in 0-1m_ borax, | 
pH 9-01. A second solution (x) was identical with | 


For fillings of cells (a) and (b) (type i with Thunberg tube extensions) see text. K represents the relative affinities of C0 i 


and HCN for ferroperoxidase. Temp. =20°. 


Free CO in Total 
solution* cyanidet Final ar [per*CO] [HCN] 
Per? derivative E55 (mm) (mm) pH {per?CN] [CO] 
per®CO (excess of CO) 0-740 — — — — 
(a) 0-755 0-25 15-9 8-9 2400 
(b) 0-793 0-10 26-6 8-5 2700 
per?CN (excess of HCN) 1-343 — — _- 


* Calculated from solubility of CO in water at 20°. 


+ Estimated at the end of the experiment. 
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ad j Table 3. Photodissociation at pH values 9-01 and 7-3 of per?CN 
Peroxidase, 0-0184 mm; Na,S,0,, 25 mm. #5 measured before addition of Na,S,0,. x, per®; y, per? +8-4 mm-HCN; 
TO- z, per?+1-0 mm-HCN. a, Experiments in 1 em. cells of conventional dimensions; b, experiment in 1 cm. microcells. 
the L, Hg-blue light; D, darkness. 
& | Borate buffer pH 9-01 Phosphate 
S) Neti buffer pH 7-3 
oe E** after reduction % per?CN % per*CN 
) in HCN perme nme, (eomnmnnring 
was | (mm) pe D L D L D L 
was (a) 3ml. 2 0 — 0-204 0-203 — -- _ — 
der > 3 ml. 2+0-1 ml. y 0-28 —_ 0-238 0-214 26 10 9 1 
re 3 ml. ++0-4 ml. y 0-99 — 0-288 0-238 60 26 35 9 
3 ml. 2+0-9 ml. y 1-94 — 0-309 0-254 75 37 At 20 
3 ml. y 8-4 0-212 0-330 0-285 93 59 60 39 
CO | (b) z 1-0 a 0-293 0-224* 62 15 sap a 
ells | Cale. E for 100% per*CN — ~ 0-348 on oe _ a “e 
= i * Corrected for stray-light error of 0-002 determined with solution x. 
The > ee Z eRe tae 
the 
ith | cell of the spectrophotometer contained 0-1M 
the | borax. The extinction of y was measured at 540 mp. 
was | (E,,,, for per*CN) in order to check the concentra- 
da tion of haemoprotein and to calculate £*® for 
nce ' 100 % per?CN formation. All solutions were then 
the | treated with Na,S,O, (about 4 mg./ml.) and the ex- 
ere | tinction at 565 mp. was determined (light and dark) 
the | for x, y and mixtures of x and y. Solutions con- 
sof | taining the same concentrations of peroxidase, 
ion HCN and Na.S,O, were made up in phosphate 
| buffer, pH 7-3, and examined in the same way. At 
this pH the affinity for HCN is lower but a similar 
photosensitivity was observed (Table 3a). 
ate ! Experiments in microcells. An experiment at 
nes | pH 9-01, using the microcells (solution z), in which 
the path for the Hg-blue light is reduced to 2-5 mm., 
showed an increased photosensitivity of per?CN at 
a cyanide concentration of 10mm. In such an 
ion experiment it was found that 62% compound 


formation in the dark was reduced to 15 % in blue 
light (Table 35). 
olu- 


mM! Rates of association and dissociation in the per*— 
aX, HCN reaction 

ith : “ : 
“ It was observed during the preceding experi- 


ments that the formation and dissociation of the 

cyanide compound during intermittent illumina- 
; tion did not occur very rapidly. While dissociation 
was always complete in 20 sec., the association in 
| darkness required more than 30 sec. The following 
methods were devised for determining, with the 

apparatus described above, the dissociation and 
| association curves, i.e. the curves representing the 
} changes with time of the proportion of free and 
} combined per? (Fig. 13). A solution of per*CN 

made up as y (above) but containing 1-71 mm-HCN 

was used to study the processes of (i) dissociation 

and (ii) association. Absorption cells of standard 
| dimensions were used. 


1] 











Time (sec.) 


Fig. 13. Process of association in dark and dissociation in 
Hg-blue light of per? and HCN. Experimental solution 
consists of 0-1m borax containing 0-0184 mm peroxidase, 
1-71 mm-HCN and 25 mm-Na,8,0,; pH 9-01; Temp. = 
18°; standard size 1 em. cells. For procedure see text. 
The points © and ( represent % CN compound at 
equilibrium in dark and light respectively. 





(i) The sequence of operations in measuring rates of 
dissociation is as follows: the two extreme steady values 
Ey (in darkness) and EF, (in Hg-blue light) are determined 
at 565 mp. The extinction dial of the Beckman spectro- 
photometer is set at some intermediate E value and the 
following operations are carried out. (‘Cell-carrier in’ 
indicates that the blank cell is in the monochromator beam: 
‘cell-carrier out’ indicates that the pigment cell is in the 


beam.) 
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a, Hg lamp off, switch at ‘check’; b, cell-carrier in, 
adjust dark current; c, Hg lamp on, open shutter; d, centre 
galvanometer needle with slit and sensitivity controls; 
e, Hg lamp off, cell-carrier out, switch to ‘1’; f, Hg lamp 
on, simultaneously start timer; g, as galvanometer needle 
crosses zero line, stop timer; h, close shutter, then a (above). 

Repetition of a-h at several pre-set intermediate HZ 
values, which can be converted into percentage of per? 
combined with HCN, gives the necessary data for con- 
struction of the dissociation curve. Since association in 
darkness is rather slow an interval of 1 min. should be 
allowed after each sequence. The results of such measure- 
ments are shown in Fig. 13. Several measurements of 
dissociation were made for each value of EZ and the scatter 
of the time intervals is represented in each case by a 
horizontal line. 

(ii) The association reaction is recorded in the following 
way: with the extinction dial set at intermediate values the 
following operations are carried out. 

a-e. As above, except that the Hg lamp remains off 
throughout (i.e. the normal operational procedure); f, Hg 
lamp on until galvanometer needle ceases to move to the 
left; g, Hg lamp off, simultaneously start timer; h, as 
galvanometer needle crosses zero line, stop timer; i, Hg 
lamp off, close shutter, then a (above). The association 
curve is constructed in the same way as the dissociation 
curve (Fig. 13). 
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effect of Hg-blue light on the measured H*° for 
per? indicated that no stray light reached the 


photocell. On the other hand, measurements in |, 


darkness and in light on the two solutions and on 
their mixtures (Table 4c, d) indicated a distinct 
photodissociation of per?CO. 


Myoglobin cyanide (MbCN) 


Spectroscopic observations. It has been shown by 
several workers that cyanide reacts with the , 
bivalent iron of haemoglobin and myoglobin, 
forming rather unstable compounds (Anson & 
Mirsky, 1939; Stitt & Coryell, 1939; Kiese & 
Kaeske, 1942). These reactions were recently re- 
examined and compared with those of cyanide and 
free haems (J. Keilin, 1955). In the course of the 
present study we were able to confirm that HbCN 
and MbCN can easily be obtained by addition | 
of Na,S,0, to the corresponding ferric forms | 
(MethbCN and MetmbCN). While HbCN can be 
obtained only as a very unstable complex which 
rapidly liberates Hb, MbCN is sufficiently stable 
for studies similar to those already described for 
peroxidase. 


> 


Table 4. Photodissociation of per*CO 


Ferroperoxidase solution: 0-0184 mm in 0-1m borax containing 25 mm-Na,S,0,. Measurements made as in Table 2 at 





540 mu.; 1 cm. cells, L, Hg-blue light; D, darkness, Temp. =20°. 
x0 % per*CO 
Treatment of per? co —_—_—_—a/"—T_ 

solution (mM) D L D L 
(a) Saturated with N, 0 0-148* 0-148 —_ — 
(6) Saturated with CO 1-0 0-218* 0-210 100 89 | 
(c) 1 vol. b+14 vol. a 0-066 0-213 0-192 93 63 } 

(d) 1 vol. 6+89 vol. a 0-011 0-180 0-169 46 30 


* Extinctions of per? and per®CO. 


Photodissociation of per*CO 


The procedure which enabled us to study quanti- 
tatively the photodissociation of per*CN is less 
suitable for a similar study of per?CO. This is 
mainly due to the low solubility of CO, the dis- 
solved concentration of which, even in a solution 
equilibrated with pure CO, is about 1 mm, which is 
only five times as high as the concentration of 
per? required for accurate recording of density 
changes. However, the above method can be used 
even at lower CO concentrations for a qualitative 
demonstration of the light sensitivity of per?CO. 
For this purpose peroxidase was diluted with 0-1m 
borax to 0:0184mmM, reduced with 0-025m- 


Na,S,0, and the solution divided into two parts, 
a and b (Table 4). Solution a was saturated with N, 
and contained free per?, while solution b was 
saturated with CO and contained fully formed 
per?CO. The two compounds show a marked 
difference in extinction at 540 my. The lack of 





Table 5. Effect of pH on the reaction 
of Mb with HCN 


004mm metmyoglobin, m-KCN and 0-05m-Na,S,0, 
present in all cases. pH values below 9 obtained by addition 
of H,PO,; pH values above 9 by addition of KH,PQ,. 
Results with the former ‘buffers’ are uncertain owing to 
volatility of HCN. Extinction measured in stoppered | 
1 cm. cells. 


pH «is % MbCN 
6-79 16-4 79 : 
7-41 16-1 75 
8-51 17-1 87 f 
9-28 18-3* 100 
9-59 18-1 98 
9-77 17-9 96 
9-90 17-4 90 

10-08 16-0 74 

10-28 14-9 62 

10-70 12-3 31 


* This wasthe highest value of «5% that could be obtained 
and was therefore taken to represent the extinctio? | 
coefficient of MbCN. ¢%8 for Mb was found to be 960) 
(Table 6). 
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- There is considerable disagreement among the formation of MbCN are demonstrated in Tables 5 
he } earlier authors on the absorption spectra of both and 6. The height of the «-band was maximal at 
in | HbCN and MbCN. For the reason already stated pH 9-3 and at a cyanide concentration of «1m. 
on | We have confined our attention to MbCN and by The highest value of «5% | 18-3, was taken to repre- 
1c. | +~‘microspectroscopic tests have established that the sent 100% compound formation. The absorption 
MbCN spectrum is of the haemochromogen type curve obtained under these conditions, as shown 
| and very similar to that of per?CN. The complete in Fig. 14, has the following characteristics: 
formation of the compound requires a very high «-566 my. (e,y=18°3); 8-535 mp. (eny= 13-8); y- 
} eyanide concentration and a fairly high pH (~9). 434 mu. (e,,= 145). Measurements at pH <8 gave 
by Quantitative spectrophotometric studies. The in- unreliable results even in the stoppered cells 
_ > fluences of pH and of cyanide concentration on the owing to the volatility of HCN. 
& Ss . 2 
& Table 6. Effect of HCN concentration on the reaction of Mb with HCN 
= Solution x: 0-04 mm metmyoglobin, M-KCN, 0-4m-KH,PO,. Solution y: 0-04 mm metmyoglobin in water. After filling 
" , the stoppered 1 cm. cells with mixtures of x and y, Na,S,0, (~0-05Mm) was added. In absence of z (last line of Table) 
_ 10 mg. K,CO, were added to maintain the solution weakly alkaline. ies 
on | pH (Mm) 58s % MbCN 
ms | (i) 1-1 ml. x 9-29 1 18-3 100 
ra (ii) 0-9 ml. 2 +0-2 ml. y 9-29 0-82 17-6 92 
im (iii) 0-7 ml. x + 0-4 ml. y 9-27 0-64 16-9 84 
(iv) 0-5 ml. + +0-6 ml. y 9-22 0-46 15-1 64 
ble (v) 0-3 ml. x +0-8 ml. y 9-15 0-27 12-6 35 
for } (vi) 1-1 ml. y (Mb) ~9 0 9-6 0 
) 
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+ | Fig.14. Absorption curves of myoglobin and derivatives in the visible and Soret regions. 0-1 mm metmyoglobin; 25 mm- 
= Na,S,0,; 40 mm-HCN for MetmbCN, 1m-HCN for MbCN. Mb and MbCN measured in 0-1m borax (pH 9-1-9-2); 
Metmb and MetmbCN measured in phosphate buffer pH 6-5. 1 cm. cells used for visible region, 1 mm. cells used 
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for Soret region. 
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In Fig. 14 are collected the absorption curves 
within the range 650-400myp. of Mb, MbCN, 
Metmb (acid form) and MetmbCN. A comparison 
of these curves with those of Fig. 9 brings forward 
in a striking manner the spectroscopic similarity of 








550 530 


my 


590 570 510 


Fig. 15. Absorption curves of myoglobin in the presence 
of different concentrations of HCN and at different pH 
values. 0-04 mm metmyoglobin with 25 mm-Na,§S,0, in 
all cases except where stated. —, M-KCN; ——-, 0-6m- 
KCN; —, 0-3mM-KCN. pH adjusted with KH,PO, or 
H,PO, to give the following values for the numbered 
curves: i, 9°28; ii, 7-68; iii, 6-85; iv, 8-35; v, 5-70. ---, 
Metmb + Na,S,0,in 0-1 mM borax; ——-, Metmb +0-3m- 
HCN (without Na,S,0,). The last curve is independent of 
pH within the present range. 1 cm. stoppered cells. 





different derivatives of peroxidase and metmyo- 
globin. The curves of MbCN and per?CN are in 
fact superimposable almost completely within the 
range 700-450 myz., while those of the other three 
derivatives are very similar. In the Soret region 
there is close agreement in the positions of the 
band maxima of corresponding compounds but 
rather wide differences in the band heights. 
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In one respect, however, there is a striking con- 
trast between the reactions of the two haemopro- 
teins with cyanide. Although both per?CN and | 
MbCN are formed most readily at pH ~9 they ,; 
behave differently as the pH is lowered. It has | 
already been demonstrated (Figs. 10, 11) that | 
acidification of per?CN to pH 5 leads to the forma- : 
tion of per°CN despite the presence of Na,§,0,. 
A similar series of experiments with MbCN within 
the pH range 9-3-5-7 showed that free Mb and not 
MetmbCN was produced as the pH was lowered. > 
These experiments are summarized in Fig. 15 
where curves i—v, representing a series of solutions 
of progressively lower pH, are isobestic with the 
eurve of Mb and not with that of MetmbCN. 
Owing to the difficulties of maintaining a high HCN , 
concentration at the lower pH values it was 
necessary to decrease the cyanide concentration as 
the pH was lowered. However, the minimum 
cyanide concentration used (0-3M) would have 
ensured the complete formation of MetmbCN if any 
oxidation of myoglobin iron had occurred. 
Photodissociation of MbCN. Attempts to detect | 
an effect of Hg-435-8 my. light on MbCN in the | 
larger type of absorption cell revealed changes of \ 
extinction (at 566 my.) that were too small to be 
considered significant. By using the microcells, | 
| 


—~— 


however, we obtained small but definitely re- 
versible effects of light. Solutions i, iii and v of 
Table 6 were subjected to alternate 1 min. periods 
of darkness and light, and the resulting changes of 
E**6 are recorded, as A, B and C respectively, in 
Fig. 16. Whereas with per*CN dissociation was 
more rapid than association, in the experiments on 
MbCN the reverse was observed, especially at the 
lowest HCN concentration (curve C). The associa- 
tion rates were in fact of the same order in both 
cases but there was a very marked difference in the 
dissociation rates. The comparative slowness of 
both processes in the case of MbCN allowed the ; 
reactions to be followed in the conventional manner 
and the more complex procedure adopted for | 
per?CN offered no advantage. Parallel measure: | 
ments in absence of cyanide or Na,S,O, showed that 
the stray-light error was 0-002, i.e. less than 10% 
of the mean change of extinction. This correction 
was applied to the EL values of solutions under 
illumination. 


Photochemical efficiency of the 
dissociation of per?CN 
Although the main object of our spectrophoto- 
metric experiments was a quantitative study of the 
conditions governing the formation and dissocia- 
tion of per?CN, it became apparent that some of the 
results so obtained were of a type that could be 
used for an approximate estimate of the quantum 
efficiency of the reaction. The theoretical treatment 
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of such reactions was developed by Warburg & 
Negelein (1928a,b) and applied by them to the 
photodissociation of CO-pyridine haemochromogen 
and of HbCO (Warburg, Negelein & Christian, 
1929). This work was carried out manometrically 
using a solution of pigment concentrated enough to 
take up a measurable volume of CO. At such con- 
centrations the pigment absorbs the photodis- 
sociating light completely. The same mathematical 
treatment was extended by Biicher & Negelein 
(1942) to the study by an optical method of the 
photodissociation of HbCO and MbCO, and it is 
upon their procedure that our present calculations 
are based. 


0:70 


0-60 


pee 


0-50 


0-40 





Time (min.) 


Fig. 16. Reversible photodissociation of MbCN during 
alternate 1 min. periods of light and darkness. Measure- 
ments made at the «-band maximum of MbCN. In all 
cases the solutions contained 0-04 mm metmyoglobin + 
0-05 m-Na,S,0,. Cyanide—phosphate buffer was present 
as follows: A, M-KCN and 0-4mM-KH,PO, (pH 9-29); 
B, 0-635M-KCN and 0-254m-KH,PO, (pH 9-27); C, 
0-273M-KCN and 0-109M-KH,PO, (pH 9-15). The micro- 
cells were used. The blank cell contained all ingredients 
except Mb. Dark (D) and light (L) periods indicated at 
top and bottom of the figure. 





Biicher & Negelein have pointed out that precise 
results can be obtained by their method only if the 
solution of light-sensitive pigment is very dilute 
and contained in a long narrow optical cell. These 
conditions ensure: (a) that the effective concentra- 
tion of the uncombined non-haematin constituent 
(e.g. CO), being present in large excess, remains 
virtually constant; and (6) that the decrease in 
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intensity of photodissociating light, on its passing 
through the narrow dimension of the solution, is 
not marked. Measurements of changes in ab- 
sorption of the solution at other wavelengths are 
made in a direction at right angles to the photo- 
dissociating light path, and thus through the long 
dimension. In the experiments of Biicher & 
Negelein the solution transmitted more than 80% 
of photodissociating light and the mean intensity 
within the solution could be readily calculated; in 
fact it was equal within experimental error to the 
mean of the incident and transmitted intensities. 
However, in our experiments, which utilized the 
1x1 cm. cells, the solution transmitted less than 
2% of the Hg-435-8 mu. line, and estimates of the 
mean internal intensity were subject to consider- 
able uncertainty. On the other hand, reason (a) 
(above) for using a long cell does not apply in our 
experiments since HCN concentration, unlike that 
of CO, is not restricted by solubility. 


Symbols used by Warburg & Negelein (19284, b) 
and Biicher & Negelein (1942) in the calculation of 
quantum efficiency : 

z, Photochemical dissociation constant (min.~*). 
Intensity of photodissociating radiation falling 
on the solution (mole quanta min.—! cm.~?). 


J Intensity of radiation transmitted by the 
solution. 

Jy Mean effective radiation intensity within the 
solution. 


B Absorption constant (1/cd In J,/J). 
c Total haematin concentration (moles em.~*). 
d Optical depth for photodissociating radiation 
(em.). 
Area of cell illuminated by photodissociating 
radiation (cm.?). 
¢@ Quantum efficiency (moles cyanide split off/ 
mole quanta absorbed). 
Dissociation velocity constant of reaction 1 in 
darkness (min.~*). 
Dissociation velocity constant of reaction 1 in 
light (min.~*). 
p Association velocity constant of reaction 1 
(min.-). 
Thus the light-sensitive reaction of a ferro- 
haemoprotein (Fe) with either CO or HCN (X) can 
be represented as follows: 


p 
= Fex. 


@wW 


Fe+X (1) 


Additional symbols for the present calculations : 


I % transmission of the Hg-435-8 mu. line. 

Times for 50% completion of the dissoci- 
ating and associating reactions (as in 
Fig. 13) (sec.). 


ty (om 


by(on) J 
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Biicher & Negelein (1942) express the rate of 
absorption of photodissociating light in terms of the 
difference between the incident and transmitted 
radiation 


(2) 


When J, —J is small compared with J, this expres- 
sion reduces to gJ )8cd mole quanta min.~!. This 
does not apply to our experiments where Jy is no 
longer a good approximation for J. Since 


e-Fed = J /J,= 7/100, 


expression (2) becomes qgJ,(1—7'/100) and moles 
per?CN split per minute is thus ¢qJ,(1—7'/100). 
Dividing this expression by the number of moles of 
pigment in the cell (ged) gives the photochemical 
dissociation constant 
$J.4(100—T)) 
=" 100ed (3) 
As in Biicher & Negelein’s experiments CO was 
present in excess over Mb the ‘on’ and ‘off’ re- 
actions of MbCO can be considered as first-order 
reactions for which the velocity constants are 
(wa+p) and (w,+ p) respectively. Since the curves 
of Fig. 13 approximate to those of first-order 
reactions we can write, for the reaction of per? 
with HCN, (4) 


(5) 


The determination of ¢, (on) and t, (4 enables the 
photochemical dissociation constant to be calculated 
from 

(6) 


The method of following the dissociation and 
association of per?CN is described above. By this 
procedure values of &, (on) and t,o were deter- 
mined under the conditions given in Table 7. The 
concentrations of peroxidase and HCN were 
0-0184 and 0-77 mm respectively, which assured a 
pseudo-unimolecular order for the association 


qgJ9(1—e-8?) mole quanta min.~. 


wa+p=In 2/t, (on) 
w,+ p=In 2/ty (om: 


2,=(w.+p)—(watp)- 
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reaction. Measurements of E°® on per?+HCN 
showed that the percentage per*CN formation was | 


35:6% in darkness and 17:8% in light. These | 
figures indicate a smaller degree of reversibility , 


than in the experiment of Fig. 13, but one which | 
permits a more accurate estimate of J,. It would 
appear a priori that the narrow cells (Fig. 6) would 
be more favourable for this experiment, but they 
were in fact found unsuitable on account of the 
rapidity of the dissociation and also because ¢, (of, 
was not reproducible. The latter uncertainty 
probably arose from the susceptibility of the factor 
a (below) to vary with extremely small variations 
in the position of the absorption cell in the mono- 
chromator beam. Such variations would have 
little effect when the larger cells, and a corre- } 
spondingly wider monochromator beam, were used. 
Substitution of the experimental values in > 
Eqns. 4, 5 and 6 gives the result 


een 


2,= 8-2 min.—}, (7) | 
and ¢ can now be obtained from (3) and (7), 
provided that J,, is known. 


The relationship of J, to J) can be expressed in 
the form &: saad abJ,, (8) 


where a is the ratio of the mean intensity of Hg- 
blue light within the solution to the incident 
intensity and 6 is the fraction of the absorbed light 
which is absorbed by per?CN. 

Evaluation of a. If light passes through a solution 
containing per? and per?CN, the mean effective 
intensity between two points distant 2, and 2, 
from the boundary where the light enters the 
solution will be | 
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In the present experiments the exit beam from the 
monochromator was of approximately elliptical | 
section where it entered the absorption cell i 
(1 x l em. horizontal dimensions) and was slightly 


divergent. The position of this beam within the cell | 
' 





Table 7. Data for determination of quantum efficiency of photodissociation of per?CN 


Half-reaction times for the association and dissociation in dark and light. 0-0184 mm peroxidase, 0-77 mm-HCN and 
~ 25 ma-Na,§S,0, dissolved in 0-1m borax (pH 9:1). Hg-435-8 mu. intensity (J) =8-37 x 10-7 mole quanta min.~! em.*. 
Values of H*° before addition of Na,S,O, (per?CN) are used to calculate H** values in last two lines. D, L, indicate 
equilibrium Z values in darkness and in light. t;,.,,=time required in darkness, after prior illumination, for £5 to reach 
the mean of the D and L readings. 4; (.q,=time required in light, after a period of darkness, for the mean £%* to be 


reached. Temp. = 22°. 


% ty 
Cell contents E40 E56 per?CN (sec.) Mean 
per* + HCN D, 0-194 — — _— — 
L, 0-194 — — — a 
per® + HCN + Na,S,0, — D, 0-246 35-6 On: 6-68, 6-31, 6-44, 6-60, 6-59 6-52 
—_— L, 0-220 17-8 Off: 2-87, 2-83, 2-72, 2-98 2-85 
100% per? — 0-340 
100% per2ON oe onal Calculated — 
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and the mean size of its cross-section are shown as 
an ellipse in Fig. 17. In order to calculate the mean 
intensity of Hg-blue light within this beam a 
rectangle of equal area was constructed (Fig. 17) 
and it was assumed that the mean intensity within 
such a rectangular beam would be equal to that 
within the elliptical beam. The values of x, and a, 
(Fig. 17) were found to be 0-21 and 0-74 cm. 
respectively, and therefore (9) becomes 
_ Me [nas 
*" 0-53 J 0-21 
= 0-51 by (i.e. a=0-51). 








Fig. 17. Representation to scale of the position of the 
monochromator beam within a 1 x 1 cm. absorption cell 
as it would appear if viewed from the monochromator 
exit slit. The cross-section of the beam is indicated by 
the ellipse upon which is constructed a rectangle of 
equal height and area, and situated symmetrically about 
OA. The broken curve indicates logarithmic decline of 
Hg-blue light as it passes through the solution; the 
intensities being represented by the height of this curve 
above the dotted base-line. Thus the factor a is the ratio 
of the mean height of the shaded area to Jy. 





Evaluation of b. From the mean value of H*® 
during the period 0-4, (om (0-240) it can be caleu- 
lated that the mean mole fraction of per?CN during 
the period is 0-30. Using the data on extinction at 
435-8 my. (Fig. 9) the fraction of absorbed Hg-blue 
light absorbed by per?CN (b of Eqn. 8) can be 
shown to be 0-436. 


Measurement of Hg-blue light-intensity falling on a 
spectrophotometer cell (type iii, 1 em. square cross-section) 
was carried out by means of the potassium ferrioxalate 
actinometer of Parker (1953). 3 ml. of 0-17 ferrioxalate in 
0-1n-H,SO, was placed in the cell, thus exposing 3 cm.? to 
the blue light. The cell contents were stirred by means of 
a fine stream of N, and irradiated for exactly 1 min. The 
ferrous ion was estimated by Parker’s procedure except 
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that 0-01m aa«’-dipyridyl replaced the 0-1% solution of 
1:10-phenanthroline. Under the above conditions the 
quantum efficiency of this reaction, according to Parker, is 
approximately 0-89. 


A determination made immediately after the 
experiment described above showed the formation of 
2-24 x 10-6 g.-atoms Fe?+. Thus the light intensity, 
Jo, was 


(2-24 x 10~*)/(0-89 x 3) = 8-37 x 10-7 mole 
quanta min.—! cm.~?. 
Eqn. 8 now becomes 


J,,= 0-222 Jy= 1-86 x 10-7 mole quanta 
min.—! cm.~?, 


and introduction of the values of J,, T (1-7), ¢ 
(1-84 x 10-*), d (1) and z, [Eqn. 7] in Eqn. 3 gives 
¢=0-83. This figure must be regarded as approxi- 
mate because (i) there is considerable uncertainty 
in the estimation of a, (ii) the intensity of the Hg 
lamp tended to fluctuate, and (iii) the response of 
the Beckman spectrophotometer is scarcely rapid 
enough for accurate measurement of the low values 
of ty. It can, however, be concluded that the 
quantum efficiency approximates to unity. 


DISCUSSION 
Cyanide compounds of peroxidase and myoglobin 


It has previously been established that cyanide 
combines reversibly with ferriperoxidase (per*) 
forming a well-defined per*CN compound, the 
absorption spectrum of which shows a close 
similarity to those of cyanide compounds of 
methaemoglobin (Methb) and catalase (Keilin & 
Mann, 1937; Keilin & Hartree, 1951). The forma- 
tion of per?CN takes place over a wide range of 
pH (4-6—10-3) and the compound is very stable. Its 
dissociation constant estimated approximately in 
the course of this work is 2 x 10-*m which is not far 
from the value of 4 x 10-*m, previously recorded by 
Chance (1943). The affinity for cyanide is thus very 
high. 

The reaction of cyanide with ferroperoxidase 
(per?) and the formation of per?CN are described 
for the first time in this paper. The complete forma- 
tion of this compound requires a higher concentra- 
tion of HCN and takes place within a much more 
limited range of pH 8-5-9-5. The absorption 
spectrum of per?CN is of the haemochromogen type 
showing three absorption bands: «-565-5 mu. 
(€ m= 18-5); B-535 mp. (€mye= 13-6); y-432-5 mp. 
(€mm= 135). This absorption spectrum differs, 
however, from that of a typical protohaemo- 
chromogen in having its «- and f-bands about 
7 mu. nearer the red end of the spectrum and in a 
somewhat lower extinction of the «-band. Thus the 
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a-bands of protohaemochromogens formed by 
different amino acids lie at 556-558 my., while 
Emu Varies between 21 and 30 (J. Keilin, 1950). The 
dissociation constant of per?CN is about 1-3 x 10-3m, 
which shows that the affinity of cyanide for per? is 
about 1000 times lower than for per*. Thus the pH 
ranges of the reactions of per? and per* with 
cyanide and their relative affinities for cyanide 
clearly indicate that the reversible inhibition of 
the catalytic activity of this enzyme by cyanide, 
which was already known to Linossier (1898), is due 
entirely to the formation of per®CN. 

The formation of per?CN at pH 9 can be easily 
observed following the addition of HCN to per? or 
of Na,S,O, to per?CN. On making the solution 
more acid, per*?CN is formed incompletely, and 
below pH 7 the partly formed per?CN is in equi- 
librium, not with free per? but with per’CN. At 
pH 5-6 even in presence of Na,S,O, only per°CN 
can be seen spectroscopically. Thus, Na,S,O,, 
which at pH 5-6 still easily reduces ferric haematin 
compounds such as per*, Methb, parahaematin and 
haematin to the corresponding ferrous derivatives, 
fails to reduce per°CN to per?CN. In this respect 
the tervalent iron of per3CN at pH 5-6 resembles 
that of catalase which, while the enzyme is still in 
the native state, cannot be reduced by Na,S,0,. 
Cyanide, therefore, appears to lower markedly the 
oxidoreduction potential of peroxidase, the E, 
value of which at pH 7-30 and 30° in absence of 
cyanide is already as low as —0-27v (Harbury, 
1953). 

Like other haem compounds per? combines 
reversibly with CO, for which it has much greater 
affinity than for cyanide, the value of the partition 
or equilibrium constant 


K = ([per*CO] [HCN])/([per?CN] [CO}]) 


being approximately 2500. 

The easiest way of observing the formation of 
HbCN or MDCN is by reduction with Na,S,O, of 
MethbCN or MetmbCN in the presence of a large 
excess of HCN. As stated above, only MbCN is 
sufficiently stable for precise spectrophotometric 
measurements. The optimum pH for the formation 
of MbCN (9-3) is close to that for per?CN while an 
even higher cyanide concentration (1M) is required. 
The absorption spectra of HbCN, MbCN and 
per*CN are indistinguishable by visual spectro- 
scopy while precise measurement of light absorption 
of MbCN and per?CN in the visible and Soret 
regions gave curves which are virtually super- 
posable. This close similarity appears to be unique 
among native haemoprotein derivatives. Thus 
from among the derivatives of haemoglobin, 
peroxidase, and catalase it is possible to select 
groups of homologous compounds (e.g. a, Hb and 
per?; b, Methb, per*® and catalase; c, MethbCN, 
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per’CN and cyan-catalase). Although the members 
of each group show a degree of similarity of 
spectral pattern (Keilin & Hartree, 1951; Figs. 9 
and 14 of the present paper), they can nevertheless 
be distinguished spectroscopically as long as the 
protein is in the native state. 

HbCN, MbCN and per?CN can be considered as 
hybrid haemochromogens analogous to nicotine- 
cyanide haemochromogen (Hill, 1929) or globin- 
cyanide haemochromogen (Anson & Mirsky, 1930). 
The shift of the band maxima towards the red may 
be related to the fact that whereas in amino acid 
or denatured protein haemochromogens it is the 
nitrogen atoms that are linked to the iron atom 
through the 5th and 6th co-ordination valencies, 
the cyanide group in a hybrid haemochromogen is 
linked to iron via the carbon atom (J. Keilin, 1949). 

Although the experiments so far carried out do 
not permit a clear decision to be made on the 
question whether HCN or CN’ reacts with per* to 
form per?CN, the right-hand portion of the curve in 
Fig. 11 (pH 9-11) is consistent with a reaction of 
per? with the free acid. 


Cyanide and carbylamine derivatives : 
their reactions with CO 


Cyanide is known to combine with the bivalent 
and tervalent iron of haem and haematin re- 
spectively, both when they are free and when, as 
prosthetic groups, they form part of haemoglobin 
and methaemoglobin. Haem may form with 
cyanide two distinct compounds: monocyan- and 
dicyan-haem, showing absorption spectra of 
haemochromogen and dihydroxyhaem types re- 
spectively. Moreover, dicyanhaem, on reacting 
with CO, forms CO-cyanhaem in which the bivalent 
iron of free haem is linked simultaneously to two 
respiratory inhibitors (CO and HCN) through co- 
ordination valencies 5 and 6 (J. Keilin, 1949, 1955). 
However, when haem forms part of a haemoprotein 
molecule one of these valencies unites the iron to the 
protein, while the other links it to a molecule of 
water, which can be replaced either by CO or by 
cyanide, both competing for the bivalent iron. 

Carbylamines, e.g. methyl isocyanide (CH;. NC), 
also combine with haem and haemoglobin (War- 
burg et al. 1929). With proto- and uro-haem 
carbylamine forms two compounds: mono- and di- 
carbylaminehaem, the absorption spectra of which 
are very similar to those of the corresponding 
cyanhaem compounds and, like dicyanhaem, di- 
carbylaminehaem reacts with CO to give CO- 
CH;.NC haem (J. Keilin, 1949). However, with 
haemoglobin, carbylamine forms only one com- 
pound and, contrary to the view developed by 
Warburg et al. (1929), this compound contains only 
one molecule of CH,.NC/Fe atom and this can be 
replaced by a molecule ‘of ( ), or CO. The fact that 
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CH,.NC competes with CO for the iron explains the 
success of the quantitative manometric study of 
photodissociation of HbCO in presence of CH,.NC 
(Warburg et al. 1929). The absorption spectra of 
per?CH,.NC and MbCH;.NC in the visible region 
(Fig. 18) are of the same pattern as the corre- 
sponding cyanide derivatives, except that the 
extinction coefficients of both the «- and B-bands 
are much lower. 


16 





570 


550 
my. 
Fig. 18. Absorption curves of ferroperoxidase and haemo- 

globin and their methylearbylamine derivatives. 

0-04mM haemoprotein (per® or oxyhaemoglobin), 25 mm- 

Na,S,0,,0-1m borax. 80mmMcarbylamine for per?CH,.NC 
curve; 1-1 mm carbylamine for HbCH,.NC curve (these 
concentrations are minimal for complete compound 
formation in each case). 1 cm. stoppered cells; pH 8-8- 
9-0. 


530 510 490 


Photodissociation of CO compounds and 
calculation of quantum efficiency 


In 1896 Haldane & Smith discovered that HbCO 
reversibly dissociates in light. More than 30 years 
later this important discovery was followed by 
extensive quantitative studies carried out by 
Warburg and his co-workers on the effect of light 
on CO derivatives of haem and of haemoproteins. 
In these studies calculation of the quantum 


efficiency of the photodissociation was based upon 
a theoretical treatment by Warburg (1928) and 
applied by his School to manometric studies of the 
photodissociation of CO-pyridine haemochromogen 
(Warburg & Negelein, 1928a, b) and of HbCO in 
presence of carbylamine (Warburg et al. 1929). The 
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same treatment was later extended to an optical 
study of photodissociation of HbCO and MbCO in 
presence of O, and also of CO-pyridine haemo- 
chromogen (Biicher & Negelein, 1942). Not all 
ferrohaemoproteins combine with CO, and of those 
that do combine not all can be seen to dissociate in 
light either by spectroscopic observation or by 
spectrophotometric examination as described for 
per?CO (p.162). Photodissociation is clearly shown, 
however, when CO competes for co-ordination 
valency 6 of the iron atom not with a molecule of 
water nor a hydroxyl group but with such other 
ligands as pyridine in pyridine haemochromogen, a 
haem-linked group of protein in certain protein 
haemochromogens (e.g. the CO compound of 
alkaline ferrocytochrome c), O, in oxyhaemo- 
globin or CH,.NC in HbCH,.NC. In fact, the photo- 
dissociation of CO compounds of free haem and of 
Hb (both in the presence of Na,S,0,), when CO is 
competing with water, is not easily observed. 
Since O, in oxyhaemoglobin is replaced by the 
same amount of CO, the photodissociation of 
HbCO cannot be followed manometrically in 
presence of O,, but can be easily followed under 
anaerobic conditions in the presence of carbyl- 
amine, the method which was successfully applied 
for this purpose by Warburg et al. (1929). The 
optical method introduced by Biicher & Negelein 
(1942) is not only free from this limitation but also 
requires only very dilute solutions of the pigment. 
These workers corroborated with their optical 
method the manometric results of Warburg et al. 
They give the following values for (mole quanta 
absorbed)/(moles CO split off), which is thus the 
reciprocal of the quantum efficiency (see p.165): 


CO-pyridine haemochromogen 0-93 
CO-myoglobin 1-1 

CO-haemoglobin, pH 7-6 3°38 
CO-haemoglobin, pH 9-1 4-05 
CO-haemoglobin, pH 7-6 in the presence 2-18 


of 2-6m-NaCl 


The low efficiency in the case of HbCO, where the 
absorption of 4 quanta liberated only one molecule 
of CO, has so far received no satisfactory explana- 
tion. 

Photodissociation of per*?CN 


The light sensitivity of per?CN and of MbCN 
which is described in this paper appears to be 
unique among cyanide derivatives and finds a 
paraliel only among the CO compounds of haem 
and its derivatives. The marked light sensitivity of 
per?CN, in spite of the fact that cyanide replaces 
a molecule of water in this complex, may partly 
arise through the low affinity of cyanide for per’. 

The reversible photodissociation of per?CN and 
MbCN bears no resemblance to the irreversible 
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photodecomposition of certain complex cyanides 
such as ferricyanides and molybdicyanides (Buck- 
nall & Wardlaw, 1927). In this connexion it may be 
interesting to recall that under the name of photo- 
methaemoglobin Bock (1895) described a derivative 
he obtained by exposing Methb to strong light. 
This derivative was soon recognized by Haldane 
(1900) as a compound of Methb with cyanide 
which was produced by an irreversible photo- 
decomposition of ferricyanide present in the Methb 
solution. This explanation was later confirmed by 
Zeynek (1901). 

It is not surprising that the discovery of the 
reversible photodissociation of per?CN was made 
during observations with the microspectroscope, 
since with this technique it is possible to detect 
rapid spectral changes from the time that the 
reactants are mixed. Furthermore, the customary 
use of very strong illumination made the changes 
both clearly marked and rapid; in fact it is very 
doubtful if the photochemical effect would have 
been detected had the experimental methods been 
limited to measurements in a spectrophotometer. 
Once the phenomenon had been established a 
quantitative study could be carried out in a Beck- 
man quartz spectrophotometer with a modified 
cell-carrier which enabled both cells (solution and 
solvent) to be illuminated from the side with light 
within the spectral region of the intense y-band. It 
is fortunate that the readily isolated and intense 
435-8 mp. Hg line is close to the y maxima of 
per?CN and MbCN lying at 432-5 and 434 mu. 
respectively. By suitable selection of comple- 
mentary light-filters it was found possible to 
measure changes of absorption at 565 muy. (a- 
max.) without the Hg-blue side-illumination 
affecting the photocell of the spectrophotometer. 

Although the photodissociation of MbCN is not 
as marked as that of per?CN, a small but definite 
reversible effect of light could be recorded (Fig. 16). 

No light sensitivity has so far been detected in 
any other cyan-haem compound or in per?CH;.NC 
and MbCH,;.NC. This does not exclude the possi- 
bility that under other experimental conditions 
further examples of light-sensitive haematin com- 
pounds may be found. On the other hand, per?CO, 
like many other CO haemoproteins and their haem 
derivatives, was found to be light-sensitive (Table 4). 
This explains the effect of light on the CO inhibition 
of the oxidation of dihydroxyfurmarie acid cata- 
lysed by peroxidase (Swedin & Theorell, 1940). 


Light efficiency in photodissociation of per?CN 

Although the apparatus developed for the study 
of photodissociation is not suited for the measure- 
ment of quantum efficiency, nevertheless it was 
considered that the experimental results on rates 
of association snd dissociation of per?CN, in 


D. KEILIN AND E. F. HARTREE 


1955 


darkness and in light respectively, would enable an 
approximate figure for the quantum efficiency to be 
obtained. The chief disadvantage of the present 
method, and the one which introduces the greatest 
uncertainty, is that the Hg-blue light is completely 
absorbed by the experimental solution. Under 
such conditions precise calculations of the mean 
light intensity within the solution are difficult to 
make. 

In calculating the quantum efficiency we have 
followed the principles laid down by Warburg 
(1928) and further developed by Biicher & Negelein 
(1°*9). Data on the intensity of Hg-blue light 
fe on the spectrophotometer cell were obtained 
by .neans of the ferrioxalate actinometer of 
Parker (1953) which, though simpler, is rather less 
accurate than the direct estimation with a bolo- 
meter: the method used by previous workers. Our 
data give a figure of 0-83 for the quantum efficiency 
in photodissociation of per?CN, but in view of the 
uncertainties in our calculation we can only con- 
clude that the efficiency is of the order of unity. 


SUMMARY 


1. Ferriperoxidase (per*) combines reversibly 


) 


with cyanide over a wide range of pH (4-6-10-3) | 


forming a stable ferriperoxidase-cyanide complex 
(per’CN) with an absorption spectrum very similar 
to that of metmyoglobin cyanide (MetmbCN) or 
catalase cyanide. 

2. Ferroperoxidase (per?) also combines re- 
versibly with cyanide but within a much more 
limited range of pH (8-5-9-5) forming the less 
stable per?CN which can be obtained either by 
addition of HCN to per? or of Na,S,O, to per®CN. 

3. The affinity of per? for cyanide is about 
1000 times lower than that of per*, the dissociation 
constants at pH 9 being 1-3x 10-*m for per?CN 
and 2 x 10-®m for per®CN. 

4. The absorption spectrum of per?CN is 
identical with that of HbCN and MbCN. It is of 


—. 


the haemochromogen type, the positions and in- | 


tensities of bands being: «-565-5 my. (my = 18-5); 
B-535 mu. (€mx= 13); y-432-5 my. (emx = 135). 

5. On acidifying a solution of per?CN the above 
bands gradually disappear and are replaced, not by 
those of per®?, but by the absorption bands of 
per®CN, the change being complete at pH <6. 

6. At pH 5-5-6-0 per®°CN does not undergo 
reduction even in the presence of Na,S,O, ; in this 
respect the compound resembles catalase. 

7. Per? combines reversibly with CO, forming a 
light-sensitive per*?CO compound. The affinity of 
per? for CO is much greater than for cyanide, the 
partition constant 


K = ([per*CO] [HCN])/([per*CN] [CO]) 
being about 2500. 
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8. Per? combines also with methylcarbylamine, 
forming a compound very similar to the carbyl- 
amine compounds of Hb and Mb. 

9. Per?CN undergoes a reversible photodissocia- 
tion which can easily be followed by direct micro- 
spectroscopic observation. The light sensitivity of 
this compound is of special interest considering 
that hitherto the only compounds of haems known 
to be light-sensitive were their CO compounds. 

10. A method is described for quantitative 
spectrophotometric study of the kinetics of re- 
versible dissociation of per?CN. The photodissocia- 
tion was effected by means of Hg-blue light the 
wavelength of which (435-8 my.) lies close to the 
intense y-band of per?CN. 

11. Examination of MbCN by the same method 
revealed a less marked but nevertheless distinct 
light sensitivity. 

12. An attempt to calculate, from the spectro- 
photometric experiments, the quantum efficiency 
in photodissociation of per?CN gave an approxi- 
mate value of 6=0-8 (moles per?CN dissociated per 
mole light quantum absorbed). In view of the 
uncertainties in the calculation this result indi- 
cates only that the efficiency is of the order of 1. 

This work forms part of a general study of cellular 
biology supported by the Nuffield Foundation. 


REFERENCES 


Anson, M. L. & Mirsky, A. E. (1930). J. gen. Physiol. 14, 
43. 

Anson, M. L. & Mirsky, A. E. (1939). Unpublished obser- 
vations referred to by Stitt & Coryell (1939). 


PHOTOSENSITIVITY OF CYANIDE HAEMOPROTEINS 


Bock, J. (1895). Skand. Arch. Physiol. 6, 299. 

Biicher, T. & Negelein, E. (1942). Biochem. Z. 311, 163. 

Bucknall, W. R. & Wardlaw, W. (1927). J. chem. Soc. 
p. 2986. 

Chance, B. (1943). J. cell. comp. Physiol. 22, 33. 

Haldane, J. (1900). J. Physiol. 25, 230. 

Haldane, J. & Smith, J. L. (1896). J. Physiol. 20, 497. 

Harbury, H. A. (1953). J. Amer. chem. Soc. 75, 4625. 

Hartree, E. F. (1952). Biochem. J. 52, 619. 

Hill, R. (1929). Proc. Roy. Soc. B, 105, 112. 

Keilin, D. & Hartree, E. F. (1935). Proc. Roy. Soc. B, 
447,.1; 

Keilin, D. & Hartree, E. F. (1947). Biochem. J. 41, 503. 

Keilin, D. & Hartree, E. F. (1951). Biochem. J. 49, 88. 

Keilin, D. & Hartree, E. F. (1955). Biochem. J. 60, 
310. 

Keilin, D. & Mann, T. (1937). Proc. Roy. Soc. B, 122, 119. 

Keilin, D. & Wang, Y. L. (1946). Biochem. J. 40, 855. 

Keilin, J. (1949). Biochem. J. 45, 440. 

Keilin, J. (1950). Porphyrins, Metalloporphyrins and 
Haemoglobin. (Dissertation, University of Cambridge.) 

Keilin, J. (1955). Biochem. J. 59, 571. 

Kiese, M. & Kaeske, H. (1942). Biochem. Z. 312, 121. 

Linossier, G. (1898). C.R. Soc. Biol., Paris, sér. 5, 10, 373. 

Parker, C. A. (1953). Proc. Roy. Soc. A, 220, 104. 

Robbie, W. A. (1945). J. industr. Hyg. 27, 136. 

Schalfejew, M. (1885). J. Soc. phys.-chim. russe, p. 30. 
Abstract in Ber. disch. chem. Ges. 18, (Referat Bd.), 232. 

Stitt, F. & Coryell, C. D. (1939). J. Amer. chem. Soc. 61, 
1263. 

Swedin, B. & Theorell, H. (1940). Nature, Lond., 145, 71. 

Warburg, O. (1928). In Warburg & Negelein (19285). 

Warburg, O. & Negelein, E. (1928a). Biochem. Z. 200, 414. 

Warburg, O. & Negelein, E. (19286). Biochem. Z. 202, 202. 

Warburg, O., Negelein, E. & Christian, W. (1929). Biochem. Z. 
214, 26. 

Zeynek, R. (1901). Hoppe-Seyl. Z. 33, 426. 


Transfructosidase from Agave vera cruz Mill 
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The nature and distribution of carbohydrates in 
Agave vera cruz have been reported on by Srinivasan 
& Bhatia (1953, 1954a). The isolation and pro- 
perties of an enzyme present in the stem of this 
plant, capable of building glucofructosans from 
sucrose, are described in this paper. So far, the 
only other plant sources shown to contain such 
an enzyme are Jerusalem artichoke (Edelman & 
Bacon, 1950, 1951; Dedonder, 1952) and Polianthes 
tuberosa (Bhatia & Srinivasan, 1954), the latter yet 
another glucofructosan-bearing material (Srini- 
vasan & Bhatia, 19545). 


EXPERIMENTAL 


Crude extract. The outer skin was scraped from an agave 
stem (see Srinivasan & Bhatia, 1953) and the bottom and 
top ends (3 in. each) were discarded. The remaining stem 
was then sliced. Some slices representing different sections 
of the stem were used for examination of microflora. The 
rest of the slices were treated with CHCl,—water, grated and 
pressed through cloth. The pressed juice was centrifuged 
(2000 rev./min., 20 min.) and filtered. The filtrate, here- 
after referred to as the crude extract, was stored over 
CHCl, in the cold room (3°). The slices, gratings and the 
crude extract were found to be free from microflora, when 
tested as follows. 
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Slices (in the form of cubes about 0-5in. side) and 
gratings were dipped successively for 1 min. in 90% 
ethanol, sterile distilled water, 0-01 % HgCl,, and washed in 
sterile distilled water. The material was then transferred to 
potato—dextrose—agar and nutrient-agar Petri dishes under 
aseptic conditions in an inoculation chamber and incu- 
bated at room temp. (26-28°) for 96 hr. At the end of this 
period, no microbial growth was observed in any of the 
media. The crude extract (1 ml.) as such or after dilution 
with sterile distilled water (1:10, 1: 100, 1:1000), plated as 
above and similarly incubated, gave no growth. 

Enzyme enrichment. Precipitates obtained from the crude 
extract with ethanol (30, 50 and 70%, v/v, final ethanol 
concentration) did not show any significant activity. On 
the other hand, with the use of ammonium sulphate, an 
enriched enzyme preparation could be obtained thus. 

(NH,),SO, (30 g./100 ml.) was dissolved in 2-51. of the 
crude extract, previously chilled to 3°, and the solution 
allowed to stand in the cold room (3°) for about 4 hr. The 
precipitate which formed had little enzyme activity and 
was centrifuged off (2000 rev./min., 30 min.). A further 
quantity of (NH,).SO, (15 g./100 ml. original volume) was 
dissolved in the clear supernatant. The solution was left 
overnight at 3° to complete precipitation and filtered. The 
inactive filtrate was discarded and the precipitate was 
washed with 40% (w/v) (NH,).SO, till the washings gave 
no reaction to Seliwanoff’s test. The washed precipitate 
was dissolved in 250 ml. distilled water and filtered. The 
filtrate, which was found to be free from microflora (by 
plating), formed the stock enzyme solution. This, with 
CHCl, added, was stored at 3°. Portions were dialysed as 
and when required. 

Dialysis. Dialysis of the stock enzyme solution was 
carried out in the presence of CHCl, in a cellophan bag, 
against repeated changes of distilled water (3°), till free 
from SO,?-. Dialysis of 100 ml. solution took about 36 hr. 
for completion and was accompanied by a volume increase 
of about 50%. A small precipitate appearing during 
dialysis was filtered off. The resulting filtrate was used as the 
enzyme. Its activity in comparison with the crude extract 
or quantity recovered in the final preparation was not 
determined. 

Incubation procedure. AnalaR sucrose (25 g.) was dis- 
solved in and made up to 100 ml. with dialysed enzyme 
solution. The reaction mixture and the boiled control, in the 
presence of CHCl,;, were incubated at room temp. (26—28°). 
The system at the end of the incubation period (96 hr.) was 
found to be free from microflora. Samples (10 ml.) drawn 
at known intervals, into small test tubes were heated in a 
boiling-water bath for 5 min. to inactivate the enzyme. 
The inactivated samples were cooled and filtered. The 
filtrates, with CHCl, added to each, were stored in the cold 
room (3°), until taken for use in the following experiments. 

Optical rotation. This was measured in a 2 dm. tube on 
each of the above samples stored for 16 hr. 

Chromatography. (a) Qualitative. Reaction mixture at 
known time intervals was spotted on a filter sheet (What- 
man no. 1), the starting line having been previously 
streaked with 0-01 M-HgCl, solution and dried (Bealing & 
Bacon, 1953). A mixture of fructose, glucose and sucrose as 
reference and the control (sucrose + boiled enzyme) were 
also spotted. The paper was irrigated with n-butanol-acetic 
acid—water (4:1:5, by vol.) mixture (Partridge, 1948) by 
the ascending technique for 48 hr. Finally, the dried paper 
was sprayed with benzidine-trichloroacetic acid (Bacon & 
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Edelman, 1951). (b) Quantitative. Using a calibrated 
capillary tube, 15-6 yl. of sample for each time interval were 
spotted in sextuplicate on a filter sheet (Whatman no. 1), 
which was then developed by descending flow of the 
butanol-acetic solvent (triple run, 16 hr. for each run), 
After locating the separated carbohydrates on a guide with 
benzidine-trichloroacetic acid spray, the corresponding 
areas of the unsprayed chromatograms were marked and 
cut. 

Methods for the determination of carbohydrates. (a) In the 
reaction mixture. Free reducing sugars, expressed as 
glucose, were determined by the method evolved by 
Hagedorn & Jensen and then Hanes, as modified by 
Sobotka & Reiner (1930), and glucose by the hypoiodite 
method of Klein & Acree (1930). 

(b) In the cut areas of paper carrying ihe separated carbo- 
hydrates. The carbohydrates were extracted as described 
previously by Srinivasan & Bhatia (1954a). Equivalent 
empty areas were used as blanks. The average paper areas 
of spot 4, sucrose, glucose and fructose were approximately 
22,19, 17, 11 cm.?. As spot 5 (formed after 52 hr.) was faint 
in intensity, this was combined with spot 4 for analysis. 
Because of the variation in the carbohydrate content of 
each spot with time (decrease in sucrose, increase in glucose 
and oligosaccharides), the volume of water used for 
extraction was also varied in direct proportion to the 
carbohydrate content. The amount of total reducing sugars 
in 1 ml. of the filtered extract were determined by the 
anthrone method (Yemm & Willis, 1954), using a Beckman 
spectrophotometer (620 my.). The determination was 
carried out in triplicate, and the variation in optical 
density between the lowest and highest in any set did not 
exceed 3%. The blank values for paper, corrected for 
areas, were deducted from the corresponding experimental 
results. For 1 cm.? of the paper, the average blank value 
for the colour with anthrone reagent was equivalent to 
0-38 pg. sucrose, determined spectrophotometrically. From 
the net optical densities of the test extract and of the 
reference standard which was included and determined 
along with each sugar being estimated, the carbohydrate 
content in the unknown was calculated. Sucrose was used 
as the standard for carbohydrates with Ry values lower 
than that of sucrose. The sugar standard in every case was 
so chosen that the optical density of the known and the 
unknown did not differ by more than 5%. The recovery of 
total carbohydrates (sum of spot contents for each time 
interval) was 98-104% of the concentration of sucrose 
employed. Fructose in spot 4 was determined spectro- 
photometrically (520 my., Roe, Epstein & Goldstein, 
1949). 

RESULTS 


The optimum conditions for action by the dialysed 
enzyme were found to be pH 5-6—-5:8 and 37° 
(temperature of inactivation, 55°). The optimum 
sucrose concentration was 30 % (w/v). The enzyme 
preparation did not contain any chromatographic- 
ally detectable carbohydrate. Addition of boiled, 
undialysed enzyme did not increase the activity of 
the dialysed enzyme. Thus there appeared to be no 
dialysable co-factors involved in the action of the 
transfructosidase from agave. The dialysed enzyme 
was free from phosphate’ as tested with the Fiske & 
Subbarow (1925) reagent. Addition of phosphate 
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Table 1. 


AGAVE TRANSFRUCTOSIDASE 


Transfructosidase activity of Agave vera cruz extract 
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25% (w/v) Sucrose in dialysed enzyme incubated at room temp. F.R.S. = free reducing sugars. Quotients refer to changes 


in sugar concentrations, measured from zero time. 


Sugar content 
A 





3 
Of reaction 
mixture by 

macro methods 


Of component carbohydrates separated 
by paper-chromatographic fractionation 
of 15-6 yl. of reaction mixture 














‘ ak . Glucose Spot4 Glucose 
Time a 3m. F.R.S. Glucose Fructose Glucose Sucrose Spot 4 Sucrose Sucrose “Spot 4 
(hr.) (°) (%) (%) — (w8-/l.) (ug/ml) (ug/ml) (uge/pl.) —(0-26F) = (0-74) (0-36 F) 
0 +32-95 Nil 0-1 Nil 0-9 258-8 Nil — — —_— 
6 +31-70 0-5 0-7 Nil 6-6 236-9 16-2 0-26 0-74 0-35 
21 + 29-95 1-4 1-6 Nil 14-9 199-6 40-8 0-24 0-69 0-34 
52 + 25-85 3-0 2-8 Nil 27-2 148-8 80-4* 0-24 0-73 0-33 
76 +23-75 3-9 3-9 5-0 33-9 110-4 95-7* 0-22 0-64 0-34 
96 + 22-35 4-6 4-4 10-0 45-4 83-9 108-6* 0-25 0-52 0-41 
* Includes spot 5. t Theoretical quotients as required by Eqn. 1. 
corresponding to spot 4 in the chromatogram and 
Fructose the other with the R, value of glucose. Both these 
? . é a ae To spots progressively increased with time. Spot 5, of 
68 4 which there was a suggestion of formation at 52 hr., 
be 4 3 Sucrose : ats 4 
or was more definite after 67hr. and onwards. 
ee e®* Spot 4 Simultaneously, a spot with an R, value equivalent 
Spot 5 to that of fructose became noticeable. Quantitative 
i o measurements are given in Table 1. 
maine | - { Substrate specificity. Agave fructosan I (see 
ret rogue : oon Srinivasan & Bhatia, 1953) incubated for 24 hr. 
M C 0250-752 4 22 29 45 52 67 76% with the enzyme did not give rise to glucose or 
Time (hr.) oligosaccharides, as tested by chromatography. On 
Fig. 1. Carbohydrate make-up of the reaction mixture at Tepeating the experiment with a mixture of 


different time intervals. Reaction mixture: 25% (w/v) 
sucrose in dialysed enzyme incubated at room temp. 
(26-28°); chromatogram developed with butanol-acetic 
acid—water (4:1:5, by vol.) by ascending technique for 
48 hr. M=mixture of fructose, glucose and sucrose; 
C=boiled control (sucrose + boiled enzyme). The faint 
second spot in boiled control is due to glucose present as 
an impurity in sucrose. Spots 4 (up to 45 min.), 5 and 
fructose were too faint to be photographed and so their 
outlines were marked before photographing. 


Table 2. Analysis of spot 4 


Spot 4 was separated on paper from 15-6 yl. of a 21 hr. 
sample of the reaction mixture. 





Total 
reducing Glucose (by 
sugars Fructose difference) Fructose 
(ug-/ pl.) (ug-/pl.) (ug./ul.) Glucose 
40-8 27-0 13-8 1-96 


to the dialysed enzyme did not enhance its trans- 
fructosidase activity. 

Progress of the reaction. Fig. 1 is representative of 
the carbohydrate make-up of the reaction mixture 
at different time intervals up to 96hr. It was 
observed that within 15 min. of incubation, two 
sugars appeared in the reaction mixture, viz. one 


fructosan I and sucrose, the quantity of glucose 
formed was identical with the quantity formed 
under similar conditions with sucrose alone. By 
contrast with sucrose, no higher oligosaccharide 
was synthesized from raffinose which, however, 
showed signs of hydrolysis on prolonged incubation 
with the enzyme. Also, glucose and fructose, 
alone or in mixtures, did not act as substrates. 

Carbohydrate corresponding to spot 4. On hydro- 
lysing the contents of spot 4 and rechromato- 
graphing, there appeared two spots with R, values 
of fructose and glucose. Analysis of the spot 
(Table 2) suggested an empirical formula F,G (see 
Eqn. 1) for this carbohydrate. 


DISCUSSION 


Under the conditions of the experiment, up to 
52 hr. of incubation, glucose formed is one-quarter 
of and F,G three-quarters of the diminution in 
sucrose (cf. Table 1). Thus, for this period the 
mechanism of reaction is represented by Eqn. 1 
(ef. Dedonder, 1952) 

FG + FG —> 


Sucrose Sucrose 


F,G + @ (1) 


Oligosaccharide Glucose 


From 52 hr. onwards, a third oligosaccharide and 
fructose begin to form. From now on the reaction 
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is of a complex type, and changes in sucrose con- 
tent hereafter cannot be reasonably correlated with 
any single factor, though formation of F,G is still 
the dominant feature. 

Considering only plant transfructosidases, Edel- 
man & Bacon (1951) could not observe the syn- 
thesis of glucofructosans from ‘sucrose alone by the 
action of enzyme from the tubers of Jerusalem 
artichoke unless inulin was also present. Dedonder 
(1952), repeating these experiments, found, on the 
contrary, that sucrose could be acted upon inde- 
pendently and that in the presence of inulin higher 
oligosaccharides were produced and more rapidly. 
The dialysed enzyme from the agave stem does 
not contain chromatographically detectable poly- 
fructosans or lower carbohydrate fragments, but is 
still able to build glucofructosans from the sucrose 
alone. Also, this activity is not enhanced by agave 
fructosan. So far as the agave enzyme is con- 
cerned, there seems to be no necessity, therefore, to 
assume that the enzyme can only act in a coupled 
system consisting of fructosans or intermediates as 
fructose donors and sucrose as the acceptor. 

We are not in a position to say yet whether the in 
vitro formation of glucofructosans from sucrose by 
the action of agave enzyme is a step in the in 
vivo mechanism of the biosynthesis of the agave 
fructosans. 


SUMMARY 


1. The stem of Agave vera cruz contains a trans- 
fructosidase which builds up glucofructosans from 
sucrose with simultaneous release of glucose. With 
the progress in incubation, small quantities of 
fructose are released. 

2. The enzyme has been partially purified and 


concentrated by precipitation with ammonium 
sulphate and dialysis. 
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3. No dialysable cofactors seem to be involved 
in the enzyme action. 

4. The enzyme acts on sucrose as the single 
substrate without requiring the interaction of ? 
agave fructosans or intermediates. No higher 
homologues are formed from raffinose, which is, 
however, slightly hydrolysed during prolonged 
incubation with the enzyme. 

5. Inorganic phosphate does not influence the 
enzyme action. 

6. The conditions for optimum action are: 
pH 5-6—-5-8; temperature 37° and a sucrose con- 
centration of 30%. The enzyme is inactivated 
at 55°. 


The authors’ thanks are due to Dr V. Subrahmanyan, 
Director, for his interest in this investigation and Mr H.C, | 
Srivatsava for technical help in the bacteriological exami- 
nation. ? 
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and Micro-estimation of Volatile Fatty Acids 
from Formic Acid to Dodecanoic Acid 
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James & Martin (1952) published a method for the 
separation and micro-estimation of volatile fatty 
acids from formic acid to dodecanoic acid, making 
use of gas-liquid chromatograms. In this method 
the mixture of the fatty acids dissolved in ether is 
brought on to a kieselguhr column, the liquid phase 
consisting of DC 550 silicone, containing 10% of 


stearic acid. By heating the column to 100° or 
137° the fatty acids are volatilized, separated with 
the aid of a nitrogen current and titrated suc- 
cessively. 

However, the authors do not describe how 4 
mixture of the lower volatile fatty acids (formic up 
to valeric acid) and the higher volatile fatty acids 
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anoic acid to dodecanoic acid also. 1f the ether, 
which may be present in large quantities, is re- 
moved by blowing instead of by suction, formic 
acid is prevented from escaping titration. Vapour- 
izing the acids is next effected by bringing the 
chromatographic tube up to 100° and gradually 
raising the temperature to 150°. The chromato- 
graphic tube must be in an approximately hori- 
zontal position in the vapour jacket and need not 
be removed when the next analysis is begun 
(Gerritsma, 1954). 


EXPERIMENTAL 
Apparatus 


The column is prepared according to James & Martin 
(1952), the same reagents being used. The apparatus de- 
scribed by James & Martin was slightly modified (see 
Fig. 1). The chromatographic tube has a small aperture A 
which can be closed with a rubber stopper, fixed with a 
clamp. Furthermore, the tube is widened at B in front of 
the packing but inside the heating jacket, forming a hollow 
with a capacity of 2 ml. if the chromatographic tube is 
slightly inclined. Under the heating jacket at B a micro- 
burner is placed. The metal jacket is heated by circulating 
glycerol from a thermostat at such a rate that the temper- 
ature at both ends of the tube does not differ by more than 
1°. By regulating the thermostat the temperature of the 
heating jacket can be gradually raised. 


Method 


The determination is carried out as follows. The acids, 
dissolved in ether, are pipetted through the aperture A into 
the chromatographic tube. Because the tube is slightly 
inclined, the ether solution of the fatty acids collects in the 
hollow B. After rinsing with a few drops of ether through 
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1 (hexanoic up to dodecanoic acid) can be quanti- 
tatively separated and determined in one process. 
8 By bringing the column immediately up to 137°, 
f ? atemperature necessary for the analysis of hexanoic 
up to dodecanoic acid, a good separation of the 
» lower fatty acids is impossible, while at a column 
d temperature of 100° a separation of the acids C, up 
to C,, is impracticable. A quantitative determina- 
e tion of formic acid, as well as the higher volatile 
fatty acids requires, moreover, extra care when the 
acids which have to be brought on to the column 
i are dissolved in a relatively large quantity of ether. 
1 For this a temperature of 150° is necessary, while, 
at the same time, air is drawn through the column 
for 15 min., which procedure, however, results in 
b loss of formic acid (see Table 1). 
: It proved possible to separate the acids from C, 
= | up to C,, in one process by gradually increasing the 
temperature of the column from 100° to 150°, by 
} which means first formic acid and then up to 
valeric acid are sharply separated and then hex- 
3, = es Ca ae a ae eee 
Table 1. Recovery of lower volatile fatty acids 
. 4-7 equiv. formic, 16-0 wequiv. acetic and 11-6péquiv. 
. propionic acid brought on column by heating for 15-min. at 
"i 150° (b.p. bromoform), or by heating for 15 min. at 100°, 
), while air was sucked through. 
5, Recovery (%) 
. Formic Acetic Propionic 
acid acid acid 
). 15 min. at 150° 79 — -- 
83 96 98 
15 min. at 100° 97 100 100 
5, 94 100 100 
6, eS gerne s 
2. 
8, 
or 
ih 
C- 
a 
ip 
ds 













Thermostat 
with glycerol 





1500 mm. 


Fig. 1. Chromatographic tube with heating jacket and titration vessel. For explanation, see text. 


J. H. VAN DE KAMER, K. W. GERRITSMA AND E. J. WANSINK 


Formic acid 
Acetic acid 
Propionic acid 
isoButyric acid 
n-Butyric acid 
isoValeric acid 
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Temp. 100° temperature 
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Temp. ca. 137° 
Temp. ca. 150° 


Point of change 
of time scale | 


n-Valeric acid 
Decanoic acid 


Nonanoic acid 


Temp. ca. 118° 


Hexanoic acid 
Heptanoic acid 


Temp. 150° 
=—_—_“ 
lle 
56 80 106 202 298 346 


Time (min.) 


Fig. 2. Separation of a mixture of 1-5 equiv. of each of the following acids: formic, acetic, propionic, isobutyrie, 


n-butyric, isovaleric, n-valeric, hexanoic, heptanoic, nonanoic and decanoic acid. 


Liquid phase, stearic acid 


(10%, w/w) in DC 550 silicone; nitrogen pressure 55 cm. Hg; flow rate 50 ml./min. After 85 min. the time scale 
was changed. After 35 min. the temperature of 100° was raised, after 83 min. 137° was reached, 30 min. later 


150°, the temperature remaining at this level till the end of the analysis. 
C,=101%, iso-C,=105%, C,=101%, iso-C, =100%, 


Cio = 102 %. 


A, the latter is closed, the nitrogen stream and the titration 
cell are connected and the ether is evaporated, first at room 
temperature for 20 min., afterwards by gentle heating for 
10 min. with a micro-burner under the heating jacket 
where B is situated. Then the thermostat is switched on, 
bringing the temperature in the tube up to 100° by means of 
the glycerol]. The acids in B evaporate as a consequence and 
at the same time the separation commences, at first of the 
lower fatty acids only, later of the higher fatty acids also. 
The acids passing through the titration cell are titrated. 
After the lower fatty acids up to n-butyric acid have been 
separated and estimated, the temperature of the glycerol is 
gradually raised to 150°, so that the remaining acids can be 
successively titrated. Raising the temperature is carried 
out in such a way that a temperature of 137° is reached 
when heptanoic acid has been titrated, while 150° is 
reached after octanoic acid has left the column. 

This arrangement can, of course, also be used for the 
analysis of the acids when they are dissolved in the mini- 
mum quantity of ether. 


Example 


The procedure described above was applied to 
a mixture of fatty acids containing formic acid as 


Recovery: C,=97%, C,=98%, 
C,=101%, C,=102%, C,=97%, Cys=107%, Cy=108%, 


well as acids with a higher molecular weight than 
valeric acid (Fig. 2). 

The separation of the acids, even of formic and 
acetic acids, proved to be good, while the recovery 
was as good as that obtained by James & Martin. 


SUMMARY 


The gas—liquid partition chromatography of volatile 
fatty acids is modified in such a way that the lower 
fatty acids, including formic acid, and the higher 
volatile fatty acids up to dodecanoic acid can be 
separated and quantitatively determined by one 
column analysis. 
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